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Abstract

Autoregulation and neurogliavascular coupling are key mechanisms that modulate
myogenic tone (MT) in vessels to regulate cerebral blood flow (CBF) during resting
state and periods of increased neural activity, respectively. To determine relative
contributions of distinct vascular zones across different cortical depths in CBF
regulation, we developed a simplified yet detailed and computationally efficient model of
the mouse cerebrovasculature. The model integrates multiple simplifications and
generalizations regarding vascular morphology, the hierarchical organization of mural
cells, and potentiation/inhibition of MT in vessels. Our analysis showed that
autoregulation is the result of the synergy between these factors, but achieving an
optimal balance across all cortical depths and throughout the autoregulation range is a
complex task. This complexity explains the non-uniformity observed experimentally in
capillary blood flow at different cortical depths. In silico simulations of cerebral
autoregulation support the idea that the cerebral vasculature does not maintain a
plateau of blood flow throughout the autoregulatory range and consists of both flat and
sloped phases. We learned that small-diameter vessels with large contractility, such as
penetrating arterioles and precapillary arterioles, have major control over intravascular
pressure at the entry points of capillaries and play a significant role in CBF regulation.
However, temporal alterations in capillary diameter contribute moderately to cerebral
autoregulation and minimally to functional hyperemia. In addition, hemodynamic
analysis shows that while hemodynamics within capillaries remain relatively stable
across all cortical depths throughout the entire autoregulation range, significant
variability in hemodynamics can be observed within the first few branch orders of
precapillary arterioles or transitional zone vessels. The computationally efficient
cerebrovasculature model, proposed in this study, provides a novel framework for
analyzing dynamics of the CBF regulation where hemodynamic and vasodynamic
interactions are the foundation on which more sophisticated models can be developed.

Author summary

Blood vessels dynamically adapt to the mechanical forces exerted by circulating blood.
Appropriate adaptive responses to changes in mechanical force are central to the
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optimal functioning of the cerebral blood flow (CBF) regulatory system, and include
processes such as cerebral autoregulation, vasomotion, and neurogliovascular coupling.
This adaptation is driven by intercellular interactions, primarily modulated by factors
such as vessel wall tension, shear stress, and strain. As our understanding of the
biophysicochemical principles of CBF regulatory system has advanced, computational
studies have become more detailed and sophisticated, providing practical in-silico
environments to investigate its dynamics and gain insight into the underlying biology.
In this study, I propose a method to create a computationally efficient platform where
the interactions of hemodynamics with vessel segments can be modeled and studied in
an in-silico setting. This method can lay the groundwork for more sophisticated
computational studies of the CBF regulatory system, where hemodynamics are core
elements of the system operation and the model can represent a more realistic version of
this system.

Introduction

Autoregulation serves as the primary mechanism regulating CBF. This regulation is
driven by the myogenic response in vessels[I]. As mean arteriolar pressure increases, the
potentiation of the myogenic response works to maintain relatively constant blood flow
throughout the vascular network. Additionally, during periods of increased brain
activity, the inhibition of the myogenic response through neurogliavascular coupling
(NGVC) leads to vasodilation and enhancement of blood delivery to activated regions—
a process termed functional hyperemia (FH). Understanding the mechanisms involved in
the autoregulation and NGVC and the tight interplay between them in health and
pathological condition has attracted significant attention in recent year[I], 2]. Analyzing
variables such as RBC flux and velocity, blood flow velocity, vessel diameter, and RBC
line scan density has become a common practice in evaluating cerebral
autoregulation 3], 4 5] @] [7, 8, [0, 10, 1T} T2]. These physiological variables can be
assessed quantitatively under static conditions including mild and stable anesthesia or
in awake mice without potent and transient neuronal activity. Therefore, it is
scientifically valuable to understand how these variables are influenced by factors such
as cortical depth, vascular zone, disrupted myogenic response, and particularly mean
arterial pressure level which varies across diverse experimental settings, especially due
to variations of the heart rate[13].

Moving beyond the vascular-centric process of autoregulation[I], there is growing
interest in investigating hemodynamics and vasodynamics across various vascular zones
during FH to evaluate NGVC under pathological conditions[14) [I5] [16] [I7]. The
diversity of vasodilatory mechanisms across various vascular zones is well-recognized
[2, 18]. This diversity necessitates identifying the vascular zones where impaired NGVC
could most detrimentally affect blood delivery. Controversies exist in in-silico studies
aiming to quantify in which vascular zones NGVC-induced vasodilations contribute
most significantly to blood delivery. For example, Gould et al. suggest that capillaries
adjacent to feeding arterioles, now recognized also as transitional zone (TZ) vessels, are
key contributors to hydraulic resistance[I9]. Another study by Hall et al. calculated
that a 6.7% dilation in cortical capillaries could account for 84% of the total blood flow
increase seen during FH[20]. However, it is worth noting that in their study, vessels
categorized as capillaries included the first four orders of bifurcated vessels from
penetrating arterioles (PAs), which are now more specifically referred to as TZ vessels
or precapillary arterioles. In contrast to these studies, Rungta et al.’s experimental and
computational analysis of FH dynamics presented a different viewpoint proposing that
vasodilation in higher-order capillaries significantly contributes to FH[2I]. These
differing interpretations underscore the challenges in quantifying these dynamics,
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particularly without considering the effect of factors such as the basal degree of
constriction in vessels, cortical depth, intensity and period of neuronal activity, and
mean arteriolar pressure.

Computational studies of autoregulation have predominantly concentrated on the
dynamics of CBF regulation through time-domain analyses upon the application of
vasoactive stimuli. These models often employ lumped mathematical models rooted in
the principles of static autoregulation|22] 23] 24] 25], 26] 27, 28, [29]. Despite these
efforts, a gap remained in the computational analysis of core aspects of static
autoregulation, particularly within the cerebral vasculature. Static autoregulation is a
vascular-centric regulatory process which functions by precisely transducing mechanical
forces exerted on internal surfaces of blood vessels into mechanical forces exerted by
mural cells on the outer surface of the lumen. This mechanism finely adjusts luminal
diameter, ensuring uniform and consistent blood flow across all cortical depths even
amidst substantial variations in intravascular pressure (IP) within the brain’s main
feeding arteries. Therefore, both outputs (like vessel diameter and CBF adjustments)
and inputs (mechanical forces exerted by the bloodstream on the vessel walls) are
coupled hemodynamic and vasodynamic variables, integrated into this system. The
tight coupling of vasodynamics and hemodynamics highlights the less explored potential
of incorporating analytical approach to simulate these variables within cerebrovascular
networks for studies focused on cerebral autoregulation [30]. To date,
hemodynamics-vasodynamics analysis in cerebrovascular models have been constrained
by the application of fixed boundary conditions and constant vessel diameters derived
from segmented two-photon microscopy images[19] BT, [32], B3], B4}, B5}, 36}, B7].

The main objective of this work is to examine how the potentiation and inhibition of
the myogenic response across different vascular zones contribute to cerebral
autoregulation and enhance blood delivery during FH. To accomplish this we adopted
several justifiable simplifications and generalizations to provide an abstract yet
insightful perspective on the key aspects of cerebral autoregulation using a simulated
vasculature. We began by designing our in-silico cerebrovascular model and
progressively refined it by incorporating essential morphological and mechanobiological
characteristics of the mouse cerebrovasculature. The analysis focused on achieving
optimal IP distribution across the network’s nodes and regulating vessel segment
diameters, and therefore the resistance, to maintain relatively consistent blood flow in
capillaries across all cortical depths, despite significant IP variations in main feeding
arteries. This approach enabled us to computationally investigate the system’s
input-output relationship across diverse cerebrovascular zones and analyze the necessary
precision in these translations for ideal blood distribution.

Results

A: Design and evaluation of a cerebrovascular model

Cerebral blood flow is directly proportional to the IP gradient between the main
cerebral arteries and veins, and inversely proportional to the blood flow resistance
between them. This resistance is determined by factors such as the vessel diameter and
rheological properties of the blood. To build the vascular model for the analysis of
cerebral blood flow autoregulation and vasodilation during FH, we need reasonable
estimations of basal internal vessel diameters pre-FH. For a vessel to form a suitable
pathway for RBC movements, a force such as the intravascular pressure should be
applied to its elastic structure to induce passive distention and create a tubular shape
with a measurable diameter. In addition to the intravascular pressure, the force exerted
by mural cells, muscular cells encasing the vessel’s lumen, including smooth muscle cells
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(SMCs) and pericytes, can cause active constriction which is another factor in
determining vessel basal diameter. Thus, diameter of a vessel segment is the outcome of
the dynamic equilibrium between these two opposing forces, the passive distension and
active constriction. The magnitude of passive distension depends on the vessel’s
distensibility and is modulated by circumferential stress applied to the internal vessel
wall. Meanwhile, the extent of active constriction in each vessel segment depends on the
concentration of contractile elements and is modulated by hemodynamic variables
within the segment, including internal pressure and blood flow. Therefore, for accurate
modeling of an elastic vessel segment that dynamically adjusts its diameter in response
to internal hemodynamic variations, we need information about the structural
composition of vessel walls and the way the muscular force is modulated by the
hemodynamics. With this information in hand, we can calculate the equilibrium
between these forces in each vessel segment based on internal hemodynamic values and
use that to estimate the diameter of the segment and its resistance to blood flow.

It is technically challenging to obtain the information needed to model each vessel
segment for two reasons: 1. The structural composition of vessel walls varies across
different vascular zones and locations. To address this, we incorporated the
morphological characteristics of mouse cerebral vasculature to design the initial
framework of our in-silico vasculature, 2. Identifying the precise transfer function, the
function that maps vessel’s internal hemodynamics to the muscular force imposed on
the vessel, is currently infeasible due to several unknown principles that govern the
calibration of this transfer function. There are multiple hypotheses on how vessels adapt
their lumen diameters to hemodynamics. A widely accepted perspective suggests that
each vascular segment independently seeks to balance the mechanical forces it faces
(such as wall tension and wall shear stress), aiming for durability and minimizing energy
expenditure in the process of blood flow regulation [38| [39, 40]. However, the specifics
of these multivariable optimizations have remained unclear, including whether vascular
cells autonomously manage this minimization process and establish the transfer function,
or if intermediaries like astrocytes continuously aid in adjusting blood flow, participating
in cerebrovascular adaptation to precisely meet metabolic demands and calibrate these
transfer functions[4I]. Despite these uncertainties, it is reasonable to assume that these
processes collectively strive to autoregulate the blood flow in a healthy vasculature.
This cause-and-effect assumption guided our approach in estimating the calibrated
transfer function for every segment within our in-silico vasculature.

Therefore, in the subsequent parts of this section, we employ numerical and
analytical methods to refine the cerebrovascular model and estimate the transfer
function of all segments to enable functional autoregulation. The objective is to develop
a computationally effective coarsely segmented cerebral vasculature with a calibrated
transfer function for each segment that dynamically relates its internal hemodynamics
to the vessel diameter. Within this network, the interplay between changes in the
hemodynamics and vessel diameter, particularly when considering the existence of a
delay in muscular force adjustment in response to hemodynamic variations, leads to a
scenario where vessels cannot maintain a dynamic balance between passive and active
forces. In a system with a negative feedback, any increase in the output triggers a
response that decreases that output. In the CBF regulatory system, a rise in IP triggers
active constriction, effectively reducing the IP as a form of a negative feedback.
However, unlike the instantaneous passive distension, active constriction involves a
sequence of events—from detecting changes in IP to inter-cellular interactions in mural
cells that regulate myosin light chain phosphorylation—thereby delaying the adjustment
of the muscular force. This strategy of integrating a delayed negative feedback, as seen
in various biological regulatory systems for inducing autonomous oscillations[42], is

similarly employed in the CBF regulatory system which generates oscillatory dynamics.
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Consider a PA experiencing an increase in IP. Although the negative feedback should
counter this increase, the interplay between the delayed active constriction and
instantaneous passive distension instead leads to an augmented diameter and,
subsequently, elevated pressure. This process creates a temporary positive feedback
scenario until the delayed adjustments in muscular force overcome the passive
distension, reverting to its negative feedback role to curb the pressure increase and halt
the dilation cycle. Once the constriction cycle initiates, the IP within the PA begins to
drop immediately, yet the force applied by mural cells remains adjusted to peak IP
levels. This condition prompts mural cells to progressively reduce the diameter until the
delayed adjustment in muscular force is inadequate against passive distension, ending
the constriction cycle and triggering the new oscillations of the vessel diameter—a
phenomenon known as vasomotion. For the purposes of our analysis in Section B, we
simplify the model by omitting this delay. This simplification allows us determine the
steady-state diameter of vessels.

Currently, realistic cerebrovascular models, which are derived from segmented images
generated by two-photon microscopes, are commonly used to analyze cerebrovascular
hemodynamics. Simulating a high-resolution segmented cerebrovascular model requires
significant computational power, especially when used for temporal and multi-scale
quantitative analysis[43]. Fig a) shows an example of a coarsely segmented
vasculature model suitable for multi-scale studies and for the modeling of each vascular
segment. While these models are useful in some studies, we encountered several
challenges that made them impractical for our specific research needs. First, the
inherent spatial limitations of segmented vasculature typically result in a large number
of boundary nodes throughout these networks. This situation requires estimating the
unknown boundary conditions for less critical nodes, using physiologically informed
conditions applied to principal nodes, to address the ill-posed nature of hemodynamic
analysis within these networks[31]. Such a process potentially diminishes the precision
of hemodynamic analysis in cerebrovascular model, which is the core aspect of our
analysis. Moreover, in working with cerebrovascular models, precise identification of
vascular zones and types of mural cells that regulate each segment’s diameter is
essential. However, reaching this detailed level is difficult in realistic coarsely segmented
cerebrovascular models without specific information about the types of mural cells
encasing each vessel segment. This difficulty arises from the inability to distinguish
between PAs and TZ vessels, as well as between TZ vessels and capillaries, especially
deeper in the cortex, when relying solely on vessel diameter and vascular organization.
Additionally, our preliminary hemodynamic analyses conducted on realistic coarsely
segmented vasculature models, resulted in significant inhomogeneity in hemodynamic
variables across the network, deviating from reality. This discrepancy underscored the
need to develop a simplified yet computationally effective model. To address the
complexities inherent in coarsely segmented realistic microvasculature, we developed an
artificial vasculature depicted in Fig b). Design principles of this model are discussed
in detail in

It is recognized that during brain’s vasculature development, the formation of
vascular walls is regulated to obtain certain key attributes. These include the luminal
diameter of vessels and the expression level of contractile elements encasing vessels.
Estimating these variables was our first step in constructing the artificial
cerebrovascular model. In tackling the challenge of defining the diameter of vessel
without accounting for internal hemodynamics, we adopted a general approach for all
segments. We started by identifying the diameter of vessels at their maximum dilation
state defined as the point where the force exerted by mural cells balances out the
passive distension during a stepwise increase in the IP of the vessel. Beyond this point,
any further increase in the IP results in constriction since the force from mural cells
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Fig 1. Overview of Cerebral Autoregulation Modeling in the Cerebrovascular
Network (a, b) segmented microvasculature structures:(a) is rendered from coarsely
segmentation version of realistic in-silico mouse brain vasculature, provided by
Kleinfeld’s laboratory[44], while (b) is an artificial vascular model. The vast number of
boundary nodes in (a) pose a significant challenge in conducting precise hemodynamic
analysis. Additionally, the inability to clearly identify different vascular zones,
particularly TZ segments, makes it unsuitable for our study. These issues are addressed
in (b) by incorporating only two boundary nodes and a monotonous structure. This
architecture made it possible to differentiate between TZ segments and capillaries and
to assign suitable mural cell to each segment. The zoomed-in area in (b) shows the
structure of the microvessels, including sphincter, three layers of TZ segments (up to the
3rd order), and three layers of capillaries (beyond the 3rd order). Capillary indices are
assigned based on the convergence morphology, indicating the blood volume
accommodated by each segment. The color coding illustrates the pressure distribution
across the vascular segments, with boundary node pressures set at 90 and 10 mmHg.
The depicted in-silico vasculature model aims to replicate a final major bifurcation of
the Middle Cerebral Artery (MCA). This structure was inspired by the detailed
reconstructed pial arterial network of mouse cerebrovasculature in studies by Adams et
al. and Epp et al. [45], 46]. (c) Illustrates the autoregulation curve. In our in-silico
model, we defined the lower autoregulation limit at 40 mmHg, where mural cells induce
minimal resistance to passive distension across all vessels. Conversely, at the arterial
boundary node set to 130 mmHg, mural cells exert maximum resistance to passive
distension, marking the upper limit in our model. This delineates the autoregulation
range, within which mural cells dynamically adjust to maintain steady blood flow.

overrides the passive distension and initiates vessel constriction. Theoretically, this state
of dilation can be viewed as placing the vasculature at the lower limit of its
autoregulation curve. As shown in Fig (c), the autoregulation curve illustrates the
vasculature’s capacity to dynamically adjust vessel diameters, ensuring consistent blood
perfusion in capillaries independent of the IP at the feeding points. Thus, the moment
when constriction begins, due to an increased level of MT in vessels, can be considered
theoretically as the lower limit of the autoregulation range. We began by analyzing
images of murine cerebral vasculature to extract general cortical depth-dependent
trends in vascular morphological features and incorporating this data into the modeled
luminal vessel diameters. We specifically aimed to achieve uniform hemodynamics
within capillaries when the IP in the main vasculature artery was set to 40 mmHg,
which is a hypothetical value representing the lower limit of the autoregulation in our
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model. After achieving this uniformity, we introduced other factors, such as various
expression levels of contractile elements in different segments of the vasculature. This
approach enabled a systematic examination of cerebral autoregulation in our model.

A1: Cortical depth-dependent variations in cerebral vasculature morphology

Our analysis of the publicly available two-photon-imaged murine cerebral vascular data
[47, [48] shows a cortical depth-dependency in morphological characteristics of the brain
vasculature. Notably, aligned with Lauritzen et al.’s findings about sphincters [49] 50],
we observed that these newly identified vascular segments typically form at strategic
locations to help providing uniform hemodynamics across capillaries at various cortical
depths. A sphincter, characterized by a bulbous dilation of the lumen following
constriction, is usually located at the origination point of the transitional zone (TZ) -
where arterioles transit to capillaries. Fig (a) show a PA that bifurcates into two
daughter branches. A sphincter is visible at the origination point of the left branch in
this figure. Our statistical analysis of sphincters, using the two-photon database,
including the examination of 56 PAs across a cortical depth range of 0-600 pm in 12
mice (as detailed in , showed a close correlation between the likelihood of

sphincter formation, cortical depth, and the ratio of daughter-to-parent vessel diameters.

This result confirms the findings of Zambach et al.[49]. As depicted in Fig[2b), our
analysis revealed a noticeable decrease in the probability of sphincter formation at the
bifurcation points as PAs delve deeper into the brain. Additionally, the results showed a
strong correlation between the daughter-to-parent diameter ratio and the formation
probability of sphincters, with sphincters being highly likely to form where the daughter
branch diameter is less than that of the parent branch (Fig[2(b)). This feature is
exemplified in Fig (a), where a sphincter is visible at the origination point of the left
branch, with a lower daughter-to-parent diameter ratio, unlike the right branch where a
sphincter is absent. Moreover, our analysis of the diameters of TZ segments in this
dataset indicated a consistent enlargement trend in the average diameter of these vessel
segments as PAs penetrate deeper into the cortical tissue, as shown in Fig (c)

A2: Design of the in-silico vasculature at the maximum dilation point

The in-silico brain vasculature, shown in Fig (b)7 is a graph-based network composed
of a series of interconnected nodes and segments. Each segment is modeled by a
cylindrical tube with specific length and diameter that determine the resistance to
blood flow according to Poiseuille’s law [5I]. To improve the precision of the
hemodynamic analysis, we designed this artificial vasculature with only two boundary
nodes: a pial artery node for blood delivery and a vein node for blood drainage. This
network features a pial (surface) artery that bifurcates into two branches, from which 15
PAs diverge and penetrate deep into the cortical tissue. We incorporated a total of 3
diverging bifurcations and up to 3 converging unifications connecting a feeding arteriole
to a draining venule, drawing upon the findings of a study by Kleinfeld and
colleagues[52]. Moreover, based on observations by Li et al.[9], blood flow in vessels that
bifurcate from PAs was found to be nearly threefold larger than the flow in vessels on
the venous side of the capillary bed, which direct blood towards ascending venules.
Consequently, adhering to the principle of mass conservation, they proposed that the
number of capillaries directing blood towards the venous side is approximately threefold

larger than the number of branches carrying blood from arterioles to the capillary bed.

A detailed view of the designed microvessels’ structure is provided in Fi(b),
illustrating a sequence beginning with a sphincter, followed by three diverging layers of
T7Z segments, and ending with three layers of converging capillary segments . The
proposed morphological structure of capillary bed was designed to achieve smooth
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Fig 2. Quantitative analysis of sphincter density and TZ vessel diameters in
mouse brain vasculature, (a) illustrates the presence of sphincters at PA-TZ
bifurcation points. A sphincter is shown at the left bifurcation point, characterized by a
low daughter-to-parent diameter ratio. In contrast, the right bifurcation point, with a
larger daughter-to-parent diameter ratio, has no sphincter, (b) statistics of sphincter
formation as a function of the daughter-to-parent diameter ratio at the PA bifurcation
points across various cortical depths. The analysis highlights a close correlation between
the cortical depth and the likelihood of sphincter formation at PA-TZ bifurcation points,
(c) shows an increase in the diameter of TZ vessels as arterioles penetrate deeper into
the brain tissue. Vessels are categorized by their order of bifurcation: the ’1st-order’ TZ
vessels emerge directly from the parent PA, while the '2nd-order’ TZ vessels are formed
from the division of the 1st-order TZ vessels.

Probability of
sphincter formation
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divergence and convergence and a good level of uniformity in vessel distribution, while
adhering to a simple 2-to-1 convergence/divergence ratio. This results in eight
non-bifurcating capillaries post TZ divergence that almost uniformly converge into three
segments before connecting to an ascending venule.

In our in-silico vasculature, due to the monotonous structure of the capillary beds in
all cortical depths, we assigned capillary branching order indices based on the blood
flow level in each capillary segment. Accordingly, non-bifurcating capillary segments
with the lowest blood flow were categorized as Capl segments. The first set of
converging capillaries, handling blood flow twice that of the non-bifurcating capillaries,
were designated as Cap2. Lastly, those capillaries accommodating a flow about four
times higher than the non-bifurcating capillaries were classified as Cap3 segments. The
length and diameter of various compartments within the network were established in
accordance with recently published data showing the distribution of vessels’
characteristics across different vasculature zones[8| [53| [54]. The length of each arteriolar
segment was approximated to match that of an arteriolar endothelial cell (EC), typically
around 30-35 pm[54] [55]. The lengths of sphincters were set to 4 ym and each
microvessel segment (TZ vessels and capillaries) to 44 um. This adoption of relatively
long segment lengths (coarse segmentation) aimed to enhance the computational
efficiency.
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To establish homogeneous hemodynamics across capillaries at various cortical depths,
we made several assumptions regarding the diameters of network segments. In line with
our cause-and-effect assumption, we optimized the diameter of vessel segments at their
maximum dilation to tune the blood flow in our vasculature within its lower limit of
autoregulation curve. This optimization was aimed to ensure that, even with the IP in
the main arterial node set within the lower physiological range, capillaries in all
non-bifurcating branches have a hemodynamic with a Gaussian distribution, aligning
with the range of values observed in in-vivo experiments and other computational
studies.

Sphincters, TZ vessels and capillaries, classified as microvessels, account for a
significant portion of the overall vascular resistance owing to their small internal
diameter and the considerable distance that an RBC traverses within these segments.
Thus, determining the diameter of these segments accurately is crucial. Several studies
have measured microvessels’ diameters using in-vivo techniques[8] 56, 67, [58]. However,
under normal conditions, vessels typically maintain a moderate level of MT, meaning
that measured values do not reflect the diameter at the state of maximum dilation.
Nevertheless, if we consider that a specific level of MT is typically present in vessels
under realistic conditions in a certain mean arterial pressure, examining the diameters
of vascular segments in in-vivo conditions can still provide valuable insights into their
maximum dilation. In this regard, Watson et al. elucidated that TZ segments
predominantly have a luminal diameter that is 20-25% larger than capillaries[8], aligned
with the nomenclature we adopted in this article where TZ segments are the 1st to 3rd

bifurcated vessel branch post-PA and capillaries are those beyond the 3rd order branch.

Additionally, their research pointed out that the initial branch of TZ segments, TZ1,
generally has a luminal diameter about 20% larger than that of the subsequent TZ
segments (TZ2 and TZ3). In concordance with their statistical analysis and considering
the larger contraction level in vessels in-vivo compared to their maximum dilation state,
we estimated an additional 15% dilation on top of their reported values to represent the
maximum dilation state of these micovessels more realistically. In particular, we set the
TZ1 segments’ diameters based on a Gaussian distribution with mean value 5.5um and
0.25 standard deviation (Dtz; ~ N(5.5,0.25?)), and subsequently, diameters of TZ2
and TZ3 segments were defined by (Drza ~ N (5,0.252)), and (Drz3 ~ N (4.5,0.252)).
The diameters of Capl segments were also modeled by a Gaussian distribution

(Dcap1 ~ N (4,0.25%))[8, 20, 34, [59]. For the two layers of converging capillaries, we
assumed larger diameters (Dcap2 ~ N (5.5,0.5%)), and (Dcaps ~ N (6.5,0.5%)). This
adjustment accounts for the larger flow of RBCs in these segments, which potentially
necessitates a larger cross-sectional area to accommodate the increased flow[56].
Additionally, blood pressure in these capillaries that are close to veins is typically low,
which requires larger cross-sectional areas to provide low resistance to blood flow. The
maximum dilation state of PAs was preliminarily estimated to be 18 pm, which is
slightly larger than the average basal diameter observed in in-vivo measurements made
at the somatosensory cortex of mice that ranges between 10-15 pm[I4] [3T], 60, [61], 62].
Also, diameter of pial artery segments was initially approximated to be around 60 pm, a
value derived from the physiological range observed in both in-vitro and in-vivo
studies[62] 63, [64]. These initial estimates are later refined in this section to more
accurately represent the maximum dilation state of these vessels.

To perform hemodynamic analysis within our designed vasculature, we set the IP
boundary conditions to 40 mmHg for the pial artery node and 10 mmHg for the vein
node. These values fall within the lower physiological range, aligning with our premise
that our maximally dilated vasculature model would function optimally under low IP
conditions closer to the lower end of the autoregulation curve. Hemodynamic analysis
was then conducted, as detailed in to calculate blood flow, velocity,
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hematocrit, and pressure values across all segments of the artificial vasculature.
Multiple factors influence the variability of hemodynamic variables as observed in
in-vivo studies [8, [9] [10, 111 [65] and computational analyses [19, B1], 32} B34}, [35]. The key
factors among these are the anatomical location of the vessel where the hemodynamic
variables are measured, and the current state of the vasculature in its autoregulation
range. To evaluate our in-silico vasculature’s ability to replicate actual conditions, and
to mitigate the impact of the aforementioned factors causing hemodynamic variability
for comparative analysis, selecting a comparatively stable physiological parameter was
essential. We chose capillary blood flow as this key measure. Our rationale was based
on the principle of autoregulation stating that irrespective of a capillary’s position
within the brain’s vasculature, and under the condition of adequate blood oxygen and
nutrients in experimental settings, blood should have a consistent range of flow
throughout these vessels. Given the convergence of vessels within the capillary network,
which can cause hemodynamic variability in capillaries [9] 1], 66} 67], we chose the
blood flow in non-bifurcating segments, Capl, as a representative measure of blood flow
in capillaries. Considering their prevalence in the capillary bed, these segments
constitute 56% of the overall vascular length of microvessels in our in-silico vasculature .
In in-vivo studies reported by Watson et al.[8] and Li et al.[9], RBC flux distribution
in capillaries is typically a semi-Gaussian distribution centered around a mean value but
with a skew towards higher fluxes[I1] [66]. This tail in the distribution likely reflects the
higher flow in converging capillaries, similar to what we modeled in our in-silico
vasculature. Given that this pattern was observed in in-vivo experiments, it seems
reasonable to consider the mean of this distribution as a desirable operating point of a
healthy vasculature. A narrow distribution around this mean would ensure that most
capillaries experience a similar blood flow, thereby minimizing instances of abnormally
high or low flow. Computational studies typically report mean blood flow in capillaries
ranging between 0.3 to 0.8 nl/min[I9] [3T], 32]. Correspondingly, RBC velocities
measured in capillaries in in-vivo settings generally range from 0.4 mm/s to 1
mm/s[8 @l 10 1T, 65]. Assuming single-file RBC movement in capillaries, it is
reasonable to assume that the blood flow velocity in the centerline of these vessels
approximates the RBC speed. Therefore, the measured RBC velocity in in-vivo settings,
in a capillary with a typical diameter of 4 um (D) [8] [56] [68, [69], calculated by Eq.
results in a blood flow rate (@) of approximately 0.3 to 0.75 nl/min. We selected a
value near the median of this range, 0.5 nl/min, as the optimal blood flow rate for Capl
segments in our in-silico model. Therefore, for an optimally designed in-silico
vasculature, we anticipated that the blood flow within its non-bifurcating capillary
segments (Capl) to be a random variable with a narrow Gaussian distribution centered
around 0.5 nl/min.

(1)

Preliminary hemodynamic simulations conducted using our artificial vasculature
underscored the importance of incorporating cortical depth-dependency in vessel
luminal diameters across different vasculature zones, particularly sphincters and TZ
segments, as analyzed in Fig. [2] Neglecting this depth-dependency led to a disruption
in the uniformity of RBC flux across capillaries at different cortical depths. Our results
from these simulations under two distinct scenarios are presented in Fig. (a). In the
first scenario, we strategically positioned sphincters at their optimal locations and
modeled narrower diverging TZ vessels in upper layers. We adopted a simplified linear
relationship between the sphincters and TZ vessels diameter (Dgppine,/77,) and cortical
depth (Z). In our model, sphincter diameters ranged from 3 pm in the superficial layer
to 6.6 pm in the deep cortex, computed using the equation
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Dgphine, = 3 + 3.6 x cdr(Zsphinc, ), Where Cdr(Zsphinci/TZi) = ( Zow, —Zon,
represents the cortical depth ratio. Here, Zcp,, is the depth of the m!" capillary bed
(Zcs, = 90um, Zcp, = 840um), and (Zgppine, /7z,) is the depth of the capillary bed
where the i*" sphincter or TZ segment is located. For TZ vessels, a marked cortical
depth-dependency in their diameters was observed, as shown in Fig. c) (40-50% for a
400 pm difference). This was modeled by a linear cortical depth-dependent scaling of
the Gaussian distribution allocated to TZ segments, defined by

Drz,, = D1z, x (1+0.8 x cdr(Zrz,,)), where n is the branch order. This leads to an
approximate 80% increase in the diameter of TZ segments at 840 ym depth compared
to those at the depth of 90 pm.

Moreover, recognizing that deeper PA segments accommodate lower blood flow and
consequently require smaller diameters than superficial segments, we applied Murray’s
minimum-cost hypothesis as a guide to determine the rate at which each PA narrows.
According to Murray’s law, the volumetric flow rate should be proportional to the cube
of the vessel’s radius, implying that uniform wall shear stress (WSS) across the vascular

Zsphine; /T7; —ZCB, )

network optimizes the system for minimum energy expenditure in fluid transport[38] [70].

While our design principle was shaped by insights from Murray’s hypothesis, we did not
rigorously implement it in a mathematical sense. A precise application would entail a
detailed mathematical optimization process, necessitating an accurate cost function and
an advanced level of hemodynamic analysis, where WSS is determined based on
equations accounting for the various blood velocity along the vessel axis. Our goal was
to achieve a similar WSS across all segments, as formulated by Eq. [2] which provides a
simplified equation for calculating WSS in a cylindrical vessel based on blood flow rate
@, apparent viscosity of the blood p, and vessel diameter D. With this guiding
principle, we formed PAs to lineally narrow from 18 pm at the surface to 12.6 pm in
deeper layers. This gradual change in diameter was designed so that deepest segments
of a PA in our vasculature (each PA segment feeding a single capillary bed

(QPAueepes = Qcapillary bed)), would have approximately the same WSS as the more
superficial segments feeding seven capillary beds (Qpa, e = 7 X QCapillary bed)-

1
Mdeepest 'Qdccpest ) 3
9

Hsurface' @surface

Equalizing WSS in these segments requires that Dgeepest/Dsurface = (

Qdeepest ~
== =

where the ratio et % Due to the imprecise % flow ratio in these segments as well
as variations in the apparent viscosity of blood in microvessels with diameters ranging
from 5 to 20 pum([71], the ratio Dgecepest/Dsurface = 0.7 yielded approximately identical
WSS in both the deepest and surface segments of the PAs in our simulations. This is
because the equation used to calculate blood viscosity and resistance of each segment in
our hemodynamic analysis is based on Secomb and Pries studies [51], [71} [72], which
proposed an empirically-derived estimation of the dependence of blood viscosity on the
lumen diameter of the vessel segment.

4-p-Q

(2)
In scenario 1, PAs are narrowed with depth and cortical depth considerations are
applied to sphincters and TZ vessels; however, these adaptations are not included in
scenario 2. To analyze hemodynamics across different cortical depths, we categorized
vascular layers differently from conventional cortical layer classifications, which are
based on cellular composition and function at various depths. We defined four vascular
layers within the cortex, L1-L4, each 210 pm thick with uniform capillary density. As
Fig a) shows, the first scenario achieves a uniform range of blood flow across
non-bifurcating capillaries at various cortical depths, consistent with the 0.5 nl/min
expected in capillaries. This uniformity indicates that the capillary blood flow
distribution is closer to a narrow Gaussian distribution, a characteristic indicative of an
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Fig 3. Design and optimization of cerebrovasculature model. (a) Blood flow in
non-bifurcating capillaries across various cortical depths under two scenarios. Scenario 1
shows a more uniform distribution of blood flow, provided by the presence of sphincters
and narrower superficial TZ segments, along with PAs that narrow as they penetrate
deeper. In scenario 2, the absence of sphincters (equal 5 pm diameter for all cortical
depths) and uniform diameters of TZ segments across all depths(cdr(Z) = 0), combined
with a constant diameter of PAs (no narrowing along the penetration), result in a
non-uniform distribution of blood flow across different cortical depths. (b) Presents a
probability histogram of blood flow in Capl segments under two distinct scenarios. In
the non-optimized scenario, all pial artery segment diameters were set to 60 um, and
PAs do not narrow as they approach the arterial boundary node. Non-optimized
arteriolar diameter, results in a broader and more uneven distribution of blood flow in
the capillaries. In this scenario, superficial capillaries located closer to the arterial
boundary node have higher blood flow compared to those located further away. (c) A
2D schematic of the designed vasculature, emphasizing on the optimization of arteriolar
diameters. In this optimization, we attempted to adhere to the principles of Murray’s
law and took into account the proximity of some PAs to the arterial boundary node,
where the IP is set to a fixed value. As a result, superficial segments of right PAs, being
closer to higher pressure sources, are designed to be narrower, to adequately compensate
for the elevated pressure levels. (d) Distribution of maximal dilation across microvessels
in the designed vasculature. Cortical depth dependency considerations in TZ segments
result in a higher standard deviation of diameters compared to capillaries. The ’All’
category represents the diameter distribution of all microvessels in the model, where a
noticeable peak is observed around 4 um due to the larger prevalence of Capl in the
microvasculature. The "TZ’ and ’Cap’ groups denote vessels located within the
transitional and capillary zones, respectively, without distinguishing between their
specific indices.

evenly distributed energy supply throughout different brain areas which is well aligned
with the conditions observed in realistic physiological settings [9]. Conversely, the
second scenario leads to noticeable variations in blood flow across capillaries at different
cortical depths, deviating from the expected flow in capillaries, particularly in deeper
layers. These depth-dependent cerebrovascular morphological characteristics are
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essential for ensuring that the flow in deep capillary beds, with the lowest possible IP
gradient at the lower limit of the autoregulation range, remains at levels comparable to
those in superficial capillaries. Moreover, the progressive narrowing of PAs upon
penetration plays a pivotal role in reducing flow in deep capillaries when deep TZs are
wider, thereby tuning the pressure gradient and vascular resistance to equalize blood
flow across capillaries at all cortical depths.

While ensuring uniform blood flow in capillaries connected to a specific PA across
various cortical depths was crucial in our design, it was not the only criterion for
adjusting vessel diameters in our network. Another aspect of our design was the gradual
narrowing of arterioles as they approach to the arterial boundary node. This feature is
essential to maintain consistent hemodynamics in capillaries, irrespective of their
proximity to the main brain vasculature feeding point. To incorporate this aspect into
our artificial vasculature, we posited that at the maximum dilation state, each PA’s

surface segment would diminish by 0.14 um as it approaches the arterial boundary node.

Consequently, in our model, the diameter of the surface segments of the leftmost PA
(PA1) was set to 18 pum, and the rightmost PA (PA15) to 16 um. Note that due to the
monotonous structure of the designed vasculature, where every PA feeds 7 similar
capillary beds, this difference in the maximum diameter of PAs with a similar flow
would result in varying WSS across different PAs (Eq , which is not in complete
agreement with the Murray’s law. However, for simplicity, we did not reduce the
number of capillary segments fed by PAs of smaller internal diameters. We also
gradually narrowed pial arteriolar segments, as guided by Murray’s law, to define their
maximum dilation states. Starting at 20 um diameter for pial segments adjacent to the
leftmost PA (PA1)—a value close to the diameter of that PA’s superficial segments—we
linearly increased the diameter to 54 um for segments following all 15 successive PA
bifurcations from that daughter pial artery branch. This arteriolar diameter
optimization strategy aimed to achieve approximately the same WSS in the leftmost
segments of the daughter pial branch, feeding a PA as in the segments after PA15,
which feed 15 PAs (Eq. Given the similar structural configuration and resultant
blood flow at the origination point of the two daughter pial branches, we multiplied the
cube root of 2 to the diameter of these initial segments (54um x /2 ~ 68um) to
determine the diameter for the terminal segment of the parent pial artery before its
bifurcation into daughter branches. Since this parent pial artery experiences no further
bifurcations, and thus no changes in blood flow along its path, the segments’ diameter
remains constant up to the pial boundary node. These design considerations ensured
that the distribution of blood flow in non-bifurcating capillary segments throughout the
in-silico vasculature closely aligns with a Gaussian distribution. Fig b) displays the
probability histogram of blood flow in non-bifurcating capillary segments (Capl). This
figure illustrates that networks with optimized arteriolar diameters achieve a
distribution of blood flow that is consistent with a Gaussian distribution. Conversely,
networks with non-optimized arteriolar diameters demonstrate a more uneven
distribution of blood flow. Fig c) illustrates arterioles at their optimized maximum
dilation state, and Fig d) shows the distribution of the adjusted maximum dilation
state across microvessels, all modeled under an artery boundary pressure of 40 mmHg
(30 mmHg pressure gradient in the vascular network).

In designing our cerebrovascular model, we noticed the discrepancy that exists in
studies regarding the ratio of number of PAs to the number of ascending venules (AVs),
which typically ranges from 1-3 AVs for every PA in rodent animals|73] [74] [75], [76]. This
discrepancy suggests that, in reality, AVs carry a lower volume of blood compared to
PAs, despite having basal diameters that are generally comparable[d4], [77] [78 [79]. To
account for this in our model—where an equal number of PAs and AVs were included
for simplicity—we assigned larger diameters to AVs than PAs. This design choice
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ensures minimum IP drop as blood moves through venular segments, aligning with
findings of previous researches[31} [32] [34]. Consequently, diameters for AVs were set to
30 um for surface segments and 20 pm for deep segments[80]. To further prevent IP
drop along the pial vein, diameters of these segments were also set to larger values than
those of the pial arteries, progressively increasing from 30 to 90 um from the leftmost to
the rightmost segment. While this simplification might seem significant, it does not
impact the investigation of cerebral autoregulation critically, as the model ensures
negligible IP drop occurrence in venous segments[25], maintaining the focus on arterial
segments’ roles.

A3: Analysis of in-silico vasculature at the maximum dilation point

As shown in Fig a—b)7 blood flow and flow velocity in non-bifurcating capillaries are at
lowest values compared to other branching indices. Blood flow is evenly distributed in
Capl segments; therefore, at every convergence following Capl, blood flow doubles.
Moreover, our analysis suggests that not distinguishing between converging and
non-converging capillary segments can broaden the Gaussian distribution of blood flow,
leading to a distribution which has a skew towards larger values. This effect, primarily
linked to converging capillary segments, subtly alters the overall expected distribution
of RBC flux, which is typically dominated by the more abundant Capl segments.
Consequently, this leads to a noticeable tailing effect in the distribution patterns of RBC
flux within the capillary networks, as observed in multiple in-vivo studies[9, [IT], [66].
Furthermore, Fig c) illustrates the relationship between the diameter of capillaries
and their blood flow velocity in the cerebrovasculature model. As shown, despite
noticeable variations in both blood flow (Fig[d|a)) and the diameter of capillaries (Fig

B(d)), the blood flow velocity within capillaries consistently ranges from 0.5 to 1 mm/s.

This finding aligns with results from previous in-vivo studies [8 8], [82] [83] in which
lack of strong correlation between capillary diameter and RBC velocity was also
observed. Such a fundamental morphological-hemodynamic relationship serves as a
determining validation measure for the design of our in-silico vasculature, particularly in
terms of the morphological characteristics that we incorporated in the design of the
capillary networks. As illustrated in the green violin plot of Fig b)7 blood flow velocity
across all capillaries is relatively uniform with a narrow Gaussian distribution that
aligns with in-vivo observations [19, [66, [82]. This distribution lacks the apparent tailing
effect observed in the blood flow distribution (green violin plot in Fig a)), suggesting
a more uniform RBC velocity across all capillaries.

In our analysis of the TZ segments’ hemodynamics, as displayed in Fig d),
depth-dependent variations in the luminal diameter of TZ vessels, results in variable
resistance at the PAs’ bifurcation points. However, the combination of a larger
resistance in capillary beds of upper layers and a higher IP gradient, as well as smaller
resistance and a lower IP gradient in deeper layers, ultimately leads to a nearly equal
amount of blood flowing into each capillary bed. Upon entry into the capillary bed, the
blood flow is approximately halved at each successive bifurcation point within the TZ.
Therefore, taking into account the three divergences before reaching the Capl segments,
the blood flow in the sphincters and TZ1 segments is about eight times larger than the
flow in the non-bifurcating capillaries.

While blood flow generally remains consistent across the similar branching order of
TZ segments in our network, we observed some variations in the blood flow velocity
within these segments, particularly in relation to the cortical depth. These variations
are attributed to the depth-dependent characteristics of the sphincters and TZ segments
in our model. Specifically, superficial TZ vessels, which are characterized by narrower
maximum dilation states, typically experience higher blood flow velocity. Moreover, a
decreasing trend was incorporated in the diameter of successive TZ branching orders in
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Fig 4. Analysis of hemodynamics in microvessels of the cerebrovascular
model at maximum dilation. (a) Shows that blood flow in capillaries is
predominantly centered around the characteristics of Capl due to their larger prevalence
in the network. The distribution tail is associated with the converging capillaries, (b) in
contrast, the blood flow velocity across all capillaries is relatively uniform and has a
narrow Gaussian distribution, as displayed by the green violin plot, (c¢) shows the
relationship between the luminal diameter of capillaries and their blood flow velocity.
This data shows no strong correlation in this relationship; however, three distinct
decremental trends are observable, each associated with a different capillary index. This
observation is consistent with the assignment of capillary indices and their luminal
diameters, which were determined based on the typical range of blood flow that they
accommodate. Within each capillary index category, larger diameter capillaries have
lower blood flow velocity, (d-e) shows blood flow and blood flow velocity in TZ segments,
highlighting noticeable variations across different branching orders and cortical depths.
It is important to note that the blood flow velocity represented here corresponds to an
arterial boundary node pressure of 40 mmHg, which is the point where vessels are at
their maximum dilation state. These values can be up to twice as high under elevated
pressure, which is a topic that will be further discussed in [Sec A5] The subscript "L1,
L2” corresponds to vascular segments located at cortical depths from 0 to 420 pum.

the cerebrovasculature model [I4} 60] (Fig [3{d)), resulting in blood flow velocity
diminishing to less than 50% after passing each bifurcation point. This trend is
consistent with the RBC velocity measurements in TZ segments reported in studies such
as those by Watson et al.[§]. However, a comprehensive analysis of blood flow velocity
in TZ segments necessitates accounting for cortical depth variations. As shown in Fig
[e), blood velocity in cortical depths between 0-420 pm (L1-L2 in Fig[4d-e)) is at the
higher end of the blood flow velocity range across all branching orders. Furthermore,
the prevalence of TZ3 segments, being four times more abundant than TZ1, significantly
influences the average RBC velocity and flux in the TZ group (as shown in Fig d—e)),
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tending to reflect the characteristics typical of TZ3 segments. This branching order and
depth-dependencies are essential factors that need to be included in the analysis for
accurate interpretation of the hemodynamic behavior within the transitional zone.

Hemodynamics in TZ segments is influenced not only by the cortical depth but also
by the IP values at the vasculature feeding points, which determines the extent to which
vessels are constricted relative to their maximum dilation state. Similarly,
hemodynamics in PAs is also a function of IP variations at these feeding points. To
explore the hemodynamic range across other vascular zones more effectively, it is
essential to first refine the model to make it operational for artery boundary node
pressures (ABNP) above 40 mmHg.

A4: Design of the in-silico vasculature model within the autoregulation
range

Previously, we assumed that at the lower end of the autoregulation range, under the
ABNP of 40 mmHg, the maximum luminal diameter of vascular segments is the only

variable responsible for the uniform distribution of blood in different regions (Fig [3{(a)).

We assumed that by increasing the ABNP in a network of elastic vessels from 0 to 40
mmHg, all vessels would dilate and once the ABNP reaches 40 mmHg, the IP is
distributed such that all vessel segments are at the state of maximum dilation and all
regions are nearly fed equally. In this state, pial arteriolar segments, diameter of
~ 68um, achieve their maximum dilation around 40 mmHg IP. However, because of the
IP drop along the blood flow pathway, maximum dilation in deeper PA segments,
diameters ~ 11 — 13um, occurs at IP values around 30-35 mmHg. This variation
indicates that the threshold force which initiates vessel constriction depends on the
vessels’ luminal diameter and its intensity changes as a function of the position of the
vessel in the vascular network. Therefore, based on this assumption, increasing ABNP
above 40 mmHg triggers concurrent constriction in all vessels encased by mural cells.
To model vessel constriction at ABNP values larger than 40 mmHg, we need detailed
information about the transfer function of individual vascular segments, which is a
function that relates a broad range of their internal hemodynamics to their luminal
diameter. However, obtaining these transfer functions for every vascular segment is
technically infeasible. Therefore, we opted for a generalized approach to avoid
determining segment-specific transfer functions. The goal behind the development of
each vascular segment’s transfer function is to regulate blood flow throughout the
network independent of the ABNP value. This means that for ABNP values larger than
40 mmHg, mural cells within each vascular segment should detect hemodynamics to
induce an appropriate level of constriction force to maintain capillary blood flow at
levels comparable to those at 40 mmHg. In our approach, we introduced the
hemodynamic regulation constriction transfer function (HRCTF), to estimate this
constriction force between the ABNP values of 40 to 130 mmHg , which is the
hypothetical autoregulation range of our model. HRCTF is a function that indicates
vessels constriction percentage relative to their maximum dilation to model
autoregulation in the vasculature. However, due to variations in the expression level of
contractile elements across different segments, with SMCs in PAs and SAs featuring
larger constriction capacity compared to thin-strand pericytes in capillaries[53], [84], the
constriction level is not uniform in all vascular segments. Therefore, in addition to
HRCTF, we also introduced the relative contractility (RC) for each segment, which
serves as an index to indicate the ability of a vessel segment to actively constrict and
counteract the passive distention in response to ABNP changes. The product of the
vasculature HRCTF and the RC indices of vascular segments estimates the level of
constriction in all segments relative to their maximum dilation, also known as the
percent tone of vascular segments. By incorporating these estimated percent tone values
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into the diameters of vascular segments at different ABNP values, we achieve a flat
ABNP-flow relationship in our vasculature, to model autoregulation.

Before tuning the vasculature HRCTF for different ABNP values, first we should
assign RC indices to each segment. The RC of each vascular segment denotes the
potential of mural cells encasing that segment, compared to other segments, to exert
force and contract the vessel. This parameter is associated with the relative expression
level of contractile proteins in those cells. Some vascular segments, such as sphincters,
produce larger pressure gradients over small areas. To withstand a large IP without
rupturing, these segments are usually fortified by a larger concentration of
fibroblast-synthesized collagen|[85], and an abundance of contractile elements,
particularly the a-SMA. Zambach et al. reported that, on average, the a-SMA
expression in sphincters surpasses the amount found in the SMCs of PAs [49]. Our
simulations indicated that sphincters, especially in the superficial layer, experience
higher IP at their entry points, compared to the average IP in PAs, as displayed in Fig
a). This cortical depth-dependency suggests that a uniform RC index cannot be

assigned to all sphincters or to all vascular segments located at different cortical depths.

The lack of quantitative studies comparing expression levels of contractile elements in
different mural cells across various cortical depths necessitates devising a method for
allocating an appropriate RC index to each segment in the model.

When ABNP increases from 40 mmHg, the force exerted by mural cells on the
external surface of the vessel lumen must exceed the force exerted by IP on the internal
surface to initiate constriction. Consequently, segments experiencing higher IP at 40
mmHg ABNP, such as SAs and superficial PA segments, need to generate stronger
forces to counteract the IP force. Conversely, deeper PA segments do not require a

substantial myogenic response since the IP is attenuated along the blood flow pathway.

This variation in the IP force across different segments enabled us to estimate the
relative contractility of each segment in our model by comparing the IP forces at 40
mmHg ABNP. Therefore, we determined RC values by normalizing the IP of each
segment to a reference value, which was the IP of the middle segment in PA1. In this
analysis, the assigned RC of the reference segment is 1.0. Segments with higher IP than
the reference have RC values larger than 1.0, while the downstream segments from the
reference have smaller RC values.

The graph in Fig b) illustrates the distribution of estimated relative contractility of
vascular segments in a portion of the in-silico vasculature model. As shown, superficial
segments of PA have slightly larger contractility compared to deeper segments. While
no study has explicitly reported a decreasing trend in a-SMA expression with the
progression of PAs through the brain tissue, immunohistochemical staining for a-SMA
in a slice of mouse cerebral vasculature, as shown in Hartman’s study, suggests that
such a trend exists (Figure 1(b,d) of [53]). Furthermore, as illustrated in Fig[f|(b, ), our
analysis shows relatively uniform contractility in similar branch orders of TZ vessels

across various cortical depths, albeit with marginally smaller values in superficial layers.

In our vasculature design approach, we optimized lumen diameters to ensure a uniform
distribution of blood flow across various cortical depths at 40 mmHg ABNP. Due to the
need for superficial layers to have narrower sphincters and TZ vessels in their maximum
dilation state to prevent excessive flow in their capillaries (Fig[3|(a)), superficial TZ
vessels experience low IP at the 40 mmHg ABNP level; consequently, the calculated RC
indices for superficial TZ vessels are small. To the best of our knowledge, no study has
investigated the expression level of contractile proteins in TZ vessels across different
cortical depths. Nevertheless, Zambach et al. showed that when a sphincter is present
at the PA bifurcation point, primarily in superficial layers (Fig , the expression level
of contractile proteins in higher order branches of TZ vessels is noticeably small [49].
Fig c) depicts the statistical analysis of RC across various vasculature zones. As
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Fig 5. Designing a cerebrovascular model within the autoregulation range.
(a-c) Relative contractility in the in-silico vasculature: (a) superficial sphincters
typically experience higher average IP at their entry points (-Psphincter’s start node)
compared to deeper sphincters. This graph highlights the cortical depth-dependency in
the contractility of different vascular zones, (b) illustrates the estimated relative
contractility of vascular segments across a portion of the in-silico vasculature model. RC
indices were estimated by dividing the IP of each segment to the IP of a designated
reference segment in the maximally dilated vasculature, (c) statistical analysis of RC in
the cerebrovascular model shows that superficial PA segments and sphincters possess
larger contractility compared to deeper PA segments. TZ segments also have large
contractility in contrast to capillaries which have the least contractility compared to
preceding vascular zones. L1-L4 represent the four vascular layers, where each is 210
pm thick in the model, (d) the non-linear characteristic of the HRCTF required to
maintain constant mean capillary blood flow as a function of ABNP values. This
relationship indicates the need for larger initial constriction, which lessens as the ABNP
increases, (e) the solid line shows constriction in a PA segment at 100 pum cortical depth.
The dashed line represents the estimated passive distention of this segment when SMCs
are inactive, (f) the solid line shows the MT of this segment based on the curves plotted

in panel (e), calculated from (Zeassive—Dactivey 5 100, The dashed line illustrates the

passive

realistic MT profile for this segment, approximated by averaging the MT profiles of
male and female mouse PAs as reported by Jeffrey et al.[S6].
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shown, the RC of capillaries is on average 67% of that in TZ vessels. This is supported
by the findings of Hartman’s study, which showed that constriction in cerebral
capillaries following the transition from hypercapnia to normocapnia is about 60% of
the constriction in TZ vessels [53]. Furthermore, Klug et al. showed that constriction in
retinal capillaries is, on average, 57% of that in TZ vessels when the ABNP of the
retinal vasculature was gradually increased [87].

After obtaining estimates of each segment’s RC index, we modeled the
autoregulation in the vasculature. To accomplish this, we incrementally increased the
ABNP from 40 to 130 mmHg in 10 mmHg steps. At each step, we calculated the
HRCTF value such that, when multiplied by each segment’s RC index, the resulted
constriction in vessels can maintain the average capillary blood flow at the level obtained
at 40 mmHg ABNP (Fig a)). RC indices are relative values, and the reference segment
could be anywhere in the vasculature. Although the selection of a reference segment
changes RC indices, multiplying these RC indices by the HRCTF derived from the same
set ultimately yields the same percent tone estimates for all vascular segments and
across all ABNP values. Moreover, we kept the vein boundary node pressure (VBNP)
constant at 10 mmHg in our simulations as ABNP increased from 40 to 130 mmHg. We
posited this because the majority of the pressure drop in vessels should occur in the
arterial system before reaching capillaries and venous segments, which are encased by
mural cells with minimum contractility and are unable to handle high pressure.

Fig d) displays the HRCTF of our vascular model, or the percent tone of the
reference segment, across various ABNP values within the autoregulation range. Fig
(e—solid line) shows changes in the diameter of a PA segment located at 100 pm depth
with a relative contractility of 1.05. Based on our generalization approach, we assumed
that vessels behave like elastic elements and begin to inflate from zero ABNP until they
reach a threshold beyond which their muscles induce constriction. In our model, this
threshold occurs for all vascular segments at 40 mmHg ABNP. The superficial PA
segment depicted in Fig e)7 achieves its maximum dilation approximately between
28-35 mmHg IP, aligning with observations of in-vitro pressure myography studies of
PAs of mice cerebral vasculature with similar maximum luminal diameters [86]. The
total constriction experienced by this segment throughout the entire autoregulation
range is around a maximum of 35%,

HRCTF (ABNP=130) x RC(PA100um) =~ 33.5% x 1.05, which falls within the
reasonable range for maximum constriction that an arteriolar segment can undergo over
the entire autoregulation range, as observed by Klug et al.[87].

The non-linear nature of the HRCTF indicates that to achieve autoregulatory
plateau (flat ABNP-flow relationship) in a vascular network as ABNP linearly increases,
vessels must constrict in a non-linear manner. This non-linear constriction is essential to
provide a proportionately larger resistance to blood flow in the vasculature network for
higher ABNP values, to ensure the stability of capillary blood flow, or equivalently,
artery boundary node flow. This concept is shown in Fig e). The figure shows that
vessels initially constrict steeply. As the pressure further increases, even a small
constriction is enough to generate a larger resistance. This behavior correlates with the
findings from in-vitro studies investigating MT in isolated vessels, where arterioles
constrict more sharply in response to initial step-wise pressure increases, followed by a
gradual decrease in the constriction slope as the IP increases [86] [88] [89]. This pattern
reflects the interplay between the passive vessel distention and the active force exerted
by mural cells. Initially, mural cells can easily counteract the passive distention, but as
the IP rises, inducing further constriction becomes increasingly challenging.

MT signifies the ability of mural cells to counteract passive distention, while the
percent tone we estimated, indicates the level of vessel constriction necessary for flat
autoregulation. To assess how closely the estimated percent tone matches realistic
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conditions, we need to estimate the MT of vessels, a parameter frequently reported in
the studies of mouse cerebral vasculature. Estimating MT involves determining how
vessels passively distend in response to an increase in IP when their muscles are inactive
which reflects the vessels’ distensibility. Given the delicate nature of PAs with a luminal
diameter between 10-20 um, only the study by Jeffrey et al. has investigated MT in
mouse cerebral PAs within this diameter range[86]. Drawing on data from Jeffrey’s
study, the dashed curve in Fig (e) presents an estimated profile for the passive
distention of a PA segment at 100 pm cortical depth. Jeffrey et al. showed that, similar
to pial arteries[0, OT], MT in PAs is influenced by the basal activity of endothelial
nitric oxide synthase (eNOS). Fig [5|f-dashed line) shows a representative MT profile
from Jeffrey’s study. The dashed curve in Fig (f), derived from plots in Fig e), shows
the MT profile that results in flat autoregulation. Comparing the ideal MT profile with
its realistic representation in Fig (f) suggests that the capacity of mural cells in mice
cerebral arterioles might not support flat autoregulation throughout the entire range,
potentially showing a slight slope in the flow-pressure relationship at the mid to upper
autoregulation range.

A5: Analysis of in-Silico vasculature model within the autoregulation range

Fig. @(a) displays the mean and standard deviation of blood flow in non-bifurcating
capillaries across layers L1-1.4 for different ABNP values. This vasculature was modeled
to autoregulate blood flow by adjusting diameters of segments based on their estimated
percent tone calculated by multiplying the HRCTF and RC indices. Simulation results
show that in L1, and at the lower limit of the autoregulation range, the existence of
narrower sphincters and TZ segments lead to a diminished capacity for low IP in the
PAs to push RBCs through these narrow pathways. Consequently, blood flow in L1 is
typically at its minimum at low ABNP. As the ABNP, and subsequently IP in the PA
segments of L1 increase, the force driving RBCs through these narrow pathways also
rises, which leads to an increased blood flow in this layer. The HRCTF was tuned to
maintain constant mean capillary blood flow across all cortical depths. As a result, the
inflow to the vasculature was kept constant. Therefore, while average blood flow in
superficial capillaries (L1-L2) increases with rising ABNP, it decreases in deeper
capillaries(L3-L4).

Next, we combined blood flow data from non-bifurcating capillaries at all tested
ABNP levels (10 steps) into a single dataset and calculated the means and standard
deviations across layers L1-L4, Fig. @(b-c ). Results of this statistical analysis of blood
flow across different layers align well with Li et al.’s measurements of capillary RBC
flux in layers I-V in the whisker barrel cortex of awake mice[9]. Li et al. observed that
RBC flux in Layers IV and V is lower than in layers I-III. In our categorization of
vascular layers, cortical layers IV and V approximately correspond to layer L3. As
shown in Fig. @(a), almost throughout the entire autoregulation range, capillaries in L3
consistently have lower blood flow compared to upper layers. Li et al. proposed that the
increase in the capillary density in layers IV and V might be the reason for the reduced
RBC flux in these layers. However, the lower blood flow in L3 of our vasculature model,
where capillary density is uniform across all cortical depths, has a different cause.

Blood flow in a capillary bed is determined by the pressure gradient between the
PAs’ bifurcation point and the capillary converging points leading to ascending venules,
and the resistance to blood flow determined by the microvessels’ lumen diameter. IP is
a systemic parameter, that is influenced by both the upstream and downstream
segments and serves as the main factor in adjusting vessel lumen diameters through the
MT mechanism. This means that to achieve uniform blood flow in all vascular segments
throughout the broad range of ABNP, there must always be a balance between IP
distribution and lumen diameters across the vascular network. In theory, achieving this
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Fig 6. Validation and predictive accuracy of the cerebrovascular model, (a-f)
dependency of blood flow in capillaries on the cortical depth and ABNP values: (a)
mean and standard deviation of blood flow in Capl segments for various ABNP values,
(b) layer-specific average blood flow in capillaries across the entire monophasic flat
autoregulation range, (c¢) indicates that the superficial layers have a more nonuniform
hemodynamic distribution in capillaries, (d) mean capillary blood flow across different
vascular layers at physiological ABNP values (50-70 mmHg), (e) WT changes in
superficial PA segments are more significant than in deeper segments across the
autoregulation range. This suggests that superficial PAs are prone to larger distortions
in their lumen diameters, since their MT mechanism must perform over a wider range of
WT, (f) mean and standard deviation of blood flow resistance per 10 micrometer length
of PA1. A larger variability in resistance is observed in L4 compared to upper layers. (g)
The ideal and realistic vasculature HRCTF's, correspond to monophasic and biphasic
autoregulation, respectively. (h) The mean and standard deviation of blood flow in
Capl segments for various ABNP values when vessel lumen diameters were adjusted
based on the biphasic HRCTF. (i) WT in vessels increases linearly when ABNP
increases linearly, if the vasculature is modeled for biphasic autoregulation. This
observation suggests that the myogenic response is potentially linearly potentiated with
increasing WT; however, the decreased constriction ability of muscles in the sloped
phase, is proven to be advantageous for the vasculature, as it prevents reduced blood
flow in deeper layers at high ABNP values.

balance across the entire autoregulation range seems impossible, especially given the
relatively static nature of the passive vessel lumen diameter. The layered architecture of
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the brain vasculature suggests that, under the best-case scenario, the vasculature
development regulatory mechanisms could only ensure a uniform blood flow distribution
across all cortical depths within a narrow band of the autoregulation range (ABNP 50
mmHg in Fig. [f[a)). As depicted in Fig. [6(a-blue), at the maximum dilation state,
capillaries in L1 have the least blood flow while capillaries in L4 have the largest, both
slightly deviating from the ideal capillary blood flow of 0.5 nl/min. As the ABNP
increases from 40 mmHg to 130 mmHg and with the potentiation of MT in vessels (Fig.
@(a)), blood flow in L1 increases and in L4 decreases, moving them closer to the ideal
level, while L2 and L3 begin to diverge from this ideal value. At the mid to larger
values of the autoregulation range (ABNP 80-130 mmHg), the potentiation of MT in
deeper PA segments, which possess smaller maximum lumen diameters, could
undesirably reduce the IP along the penetration below the preferred level. In our
vasculature model, this IP reduction in deep PA segments occurs since the model was

designed to function optimally within the low to mid-range of the autoregulation range.

In reality, the vasculature is potentially developed within the low to mid-range of the
autoregulation range, consequently tuning its elements to function optimally within this
range. As displyed in Fig. |§|(au)7 a larger decrease in blood flow relative to the previous
ABNP values is observed in L4 and then L3. Given L4’s initially large flow rate, this
reduction brings it closer to the ideal level at physiological ABNP values (50-70 mmHg
in our model [86]), while L3 starting near the ideal, shifts further away. Fig. [6(d)
demonstrates the mean capillary blood flow at physiological ABNP values, which closely
aligns with the data reported by Li et al[9]. This result suggests that the observed
reduction in blood flow in layers IV and V of the mouse cerebral vasculature in Li’s
study is perhaps caused by the intrinsic limitations in achieving perfect synergy between
the vascular segments’ morphological characteristics and the MT mechanism.
Furthermore, this analysis demonstrates that blood flow in capillaries across different
cortical depths is highly dependent on the ABNP values.

In addition to varying mean capillary blood flow across different cortical depths,
simulation results in Fig. @(a, ¢) show that the standard deviation of capillary blood
flow is larger in superficial layers (L1, L2) compared to deeper layers (L3, L4). This
result aligns with the in-vivo observations by Li et al., who reported more uniform
capillary blood flow in the deeper cortical layers[9]. In these simulations, our goal was
to estimate vessel lumen diameters at various ABNP values to ensure uniform mean
blood flow across capillaries. However, there is a systematic distortion in these
estimations, which arises from the imperfections in the design of maximally dilated
vasculature, estimated RC indices, and the generalization procedure used to model
autoregulation. Since IP in superficial segments of PAs is higher than in deeper
segments, any distortion in lumen diameters leads to a larger deviation in blood flow in
superficial capillaries from the ideal level. As demonstrated in Fig. @(a), the increase in
ABNP and IP in the PA segments of L1 and L2 amplifies these deviations, and more
pronounced non-uniformity in blood flow is observed. The same process is potentially
happening in reality, with the difference that there is not a single generalized transfer
function for the vasculature. Instead, in biological vasculature, each segment, depending
on its spatial position within the network, has a unique transfer function that relates
the mechanical parameter(s) it detects (input) to an ideal constriction level (output). It
is suggested that an increased wall tension (WT) might be directly associated with the
potentiation of the myogenic response in blood vessels[92] [93]. This implies that the MT
regulatory mechanism in a vascular segment could be calibrated based on the tension
exerted on its wall. According to the Laplace’s law, this tension is directly proportional
to the IP within that segment, its internal diameter (D), and inversely proportional to
the segment’s wall thickness (A), as expressed in WT = %. The process of
cytoskeletal remodeling or the adjustment of wall thickness in response to wall tension,
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whether occurring concurrently with SMC contraction to mitigate WT or over extended
periods in pathological conditions like hypertension, is not fully understood[92]. Fig.
|§|(e) displays the relative variation in WT across two segments of a PA located at
different cortical depths presuming that vessel wall thickness does not change
throughout the autoregulation range. This figure shows that a superficial PA segment
experiences a wider range of WT changes compared to a deeper PA. This wide dynamic
range of input requires precise transduction into corresponding constriction levels.
However, biological systems characterized by high sensitivity, especially across wide
ranges of inputs, are subject to larger output distortion. If there is a deviation in how
WT is transduced into muscular constriction, whether through the complexity of
biological feedback mechanisms[94] 95] or other factors, these deviations are more

pronounced in vessels with a wider dynamic range of inputs, such as superficial vessels.

Consequently, these larger lumen diameter distortions in superficial layers, when
coupled with high IP in these layers, result in a larger mismatch between the ideal
balance of IP distribution and the vessel lumen diameters needed to obtain an ideal
blood flow regulation. This leads to increased non-uniformity in blood flow in
superficial layers, as shown by our simulations and in-vivo experiments[9].

Moreover, Fig. @(a,c) shows that the standard deviation of blood flow in the
capillaries of L4 is larger than in L3. Similarly, measurements by Li et al. of capillary
RBC flux across layers I-V in the mouse whisker barrel cortex revealed a larger
standard deviation in the capillaries of layer V compared to IV[9]. This large variability
in the blood flow of deep capillaries occurs even though the IP is not higher in layer V
than in IV. As discussed, high IP not only amplifies the effects of lumen diameter
distortion on blood flow variability, but it also means that vessels subjected to high IP
are potentially prone to larger deviations in their MT mechanisms, and more distortion
in lumen diameter is expected. Therefore, more factors may contribute to the larger
variability of blood flow in deep layers. The IP at the entry point of a deep capillary
bed relies heavily on the blood flow resistance of PA segments along the penetration
direction. According to Poiseuille’s Law, resistance to blood flow in a vessel segment is
inversely proportional to the fourth power of its radius, indicating that resistance is
highly sensitive to changes in diameter. In deep PA segments, which have smaller
diameters, even minor distortions in the lumen diameter result in a relatively large
change in resistance. Fig. @(f) illustrates the mean and standard deviation of blood flow
resistance per 10 micrometer length of PA; across the four vascular layers at various
ABNP values. The data shows that the standard deviation of resistance is larger in L4’s
PA segments than in those of the upper layers at various ABNP levels. An explanation
for greater variance in resistance of L4’s PA segments lies in the design of our
vasculature model. We set the diameter of the deepest PA segment such that it yields
an identical WSS to the surface PA segment (Murray’s Law), and then set other PA
segments to linearly narrow in between . This simplification fails to yield
uniform WSS across all segments, especially considering the specific cortical depths at
which capillary beds bifurcate from PAs. This imperfection in the vasculature design
adds distortion to the lumen diameters of PA segments. As mentioned, distortion in the
lumen diameter of small-diameter vessels, such as deep PA segments, could significantly
change vascular segment resistance, and pressure drop across deep PA segments would
also be highly sensitive to such distortions. Together, these dynamics would result in a
larger standard deviation of capillary blood flow in L4 compared to L3. The amplified
impact of lumen diameter distortions on the resistance of small-diameter vascular
segments, as observed in our model, can also be applied to deep segments of biological
cerebral vasculature, potentially explaining the larger variability observed in deep
capillaries. The source of these distortions may arise either from deviations in the MT
mechanism or from imperfections in the vasculature design.
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In Fig. e,f)7 the comparison between the ideal and realistic MT profiles indicated
that mural cells in mouse cerebral arterioles might not support monophasic flat
autoregulation. In the following simulation, we adjusted HRCTF to establish a biphasic
ABNP-flow relationship, transitioning from 70 mmHg ABNP to the upper bound of the
autoregulation range with a slight slope. The monophasic and biphasic ABNP-flow
relationships, along with their corresponding HRCTFs, are displayed in Fig. @(g) Fig.
[6{h) shows the mean and standard deviation of blood flow in non-bifurcating capillaries
when vessel lumen diameters were adjusted based on the estimated percent tone for
biphasic autoregulation. Although superficial capillaries have slightly higher blood flow
at larger ABNP values, in deeper layers blood flow does not decrease below the
preferred level, unlike in the monophasic flat autoregulation scenario (Fig. @(a)).
Additionally, Fig. @(1) displays the relative variations in WT across PA segments
located at different cortical depths when the vasculature was modeled for biphasic
autoregulation. As shown, WT increases linearly in all segments, unlike the plateaued
phase observed at large ABNP values in the middle PA segment under the monophasic
flat autoregulation scenario (Fig. @(e)) This observation suggests that biphasic
autoregulation is more logical, since it implies that MT potentiation in all vessels is
directly related to the increase in WT. Therefore, the following analyses in this study
are based on biphasic autoregulation, consisting of flat phase (ABNP between 40 to 70
mmHg) and sloped phase (ABNP between 70 to 130 mmHg).

Next, we evaluated hemodynamics in various vasculature zones across the entire
autoregulation range. Fig. El(a—c) show the relationships between blood flow, blood flow
velocity, and diameter in capillaries. As shown in Fig. (a), there is a moderate
correlation between blood flow and blood flow velocity, consistent with the theoretical
results (Eq. [[) and aligned with in-vivo observations[67, [82, 96} [97]. Fig. [7{b) shows a
strong correlation between blood flow and diameter, arising from the adherence to
Murray’s law in our vasculature design including in capillaries maximum lumen
diameters, and is supported by the experimental data [82]. In contrast, there is no
correlation between the blood flow velocity and diameter of capillaries (Fig. c)),
which aligns with findings from multiple in-vivo studies [8| [67, 81 [82] 7). This is while
Eq. [T would suggest a negative correlation, but the incorporation of Murray’s law in our
microvasculature design —albeit not in its precise form— offsets this potential negative
correlation. These results, in an absence of a noticeable correlation between capillary
diameter and blood velocity, suggest that RBC velocity across capillaries is more
uniform compared to RBC flux.

Fig. d) illustrates blood flow and blood flow velocity in non-bifurcating capillaries
(Capl), as well as the IP of the entry points of capillary zone (end nodes of TZ
segments). The data shows that the mean blood flow in capillaries begins to increase
with a slight slope starting at 70 mmHg ABNP (green-solid). The standard deviation of
capillary blood flow slightly increases with rising ABNP, mainly due to the larger
variability in superficial layers, as shown in Fig. @(a, c¢). As these vessels
constrict—albeit insignificantly due to their small RC indices—throughout the entire
autoregulation range, blood flow velocity does not remain constant and tends to
increase with rising ABNP values. This is expected because, according to Eq. [1} a
relative decrease in capillary diameter would result in increased velocity. While the
reduced level of vessel constriction after 70 mmHg ABNP would lead to a reduced rate
of blood flow velocity increase after this point (Fig. [5fe-solid), Fig. [fj(d-blue dashed
line)), the increase in blood flow in the sloped phase results in a continuous linear
increase of blood flow velocity throughout the entire autoregulation range(Fig. m{d—blue
solid line)). This linear dynamic was observed in investigations of cerebral
autoregulation in piglet brain pial arterioles[98]. The range of blood flow velocity in this
simulation aligns reasonably well with what was calculated in previous computational
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Fig 7. Analysis of hemodynamics across various vasculature zones within the
autoregulation range, (a-c) key hemodynamic relationships in capillaries across the
autoregulation range: (a) data shows a moderate correlation between blood flow and
blood flow velocity, (b) displays a strong correlation between blood flow and diameter,
indicating the adherence of our microvasculature design to Murray’s law, (¢) shows no
correlation between blood flow velocity and luminal diameter in capillaries. Data is
collected from a limited number of capillaries across the entire autoregulation range.
However, the calculated correlation coefficients are based on the entire database,
encompassing 58,800 data points. (d-f) Changes in blood flow, flow velocity, and IP as a
function of ABNP for different vascular zones: (d) hemodynamic changes in
non-bifurcating capillaries with minimum blood flow levels within the network. The IP
axis corresponds to the IP at the entry points of the capillary zone, (e) pronounced
variations in blood flow velocity of TZ vessels, which depends on the cortical depth,
ABNP, and branching order. Dashed line marks the mean blood flow velocity of TZ1
vessels in L1. Solid lines correspond to similar branching orders across all cortical
depths, (f) variability in hemodynamics within PAs across the autoregulation range. The
blood supplied to the vasculature, including 30 PAs, is approximately 900 nl/min. This
blood supply is nearly thirty times larger than the flow in superficial segments of the
PAs and is in close agreement with the data reported by Epp et al. for the similar artery
branch[45]. (g) Changes in the WSS across the entire autoregulation range in various
vascular zones. The PA zone shows the highest level of WSS increase due to its large
contractility and a substantial rise in the apparent viscosity of blood in vessels with PA
lumen diameter ranges[71]. Despite nearly uniform WSS in maximally dilated vessels,
more pronounced constrictions in segments with larger contractility as ABNP increases
have led to an unbalanced increase in WSS in all vessels, challenging the conditions
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Fig 7. Continued: for optimal blood delivery. Solid lines depict the average increase in
WSS across various vascular zones, while the shaded areas indicate the standard
deviation. The upper boundary of the shaded areas is linked to segments with larger
contractility, and the lower boundary is associated with segments with smaller
contractility.

studies[19] B11 [32] and the RBC speed measured in in-vivo experiments [67 [82], [06] [O7].

Notably, in the monophasic flat autoregulation scenario where blood flow remains
constant in the network, despite a 225% increase in ABNP values (40-130 mmHg), IP at
the capillary entry points does not change as much (Fig. d—red dashed line)), ranging
mainly between 25.5 mmHg and 37.5 mmHg (approximately a 47% increase). This
relatively small variation in IP at the capillary entry points within the autoregulation
range indicates that the IP gradient between the initial nodes of the capillaries and
venular nodes, a critical determinant of the force propelling RBCs through capillaries, is
primarily regulated by vessels preceding these points. This hemodynamics-
vasodynamics interaction in the vasculature underscores the moderate impact of
constrictions in capillaries in maintaining constant blood flow within these segments and
emphasizes the crucial role of vessels preceding capillaries in accurately regulating IP at
these junctures during the autoregulation process. We will delve into a detailed analysis
of this aspect of the CBF regulatory mechanism in where we examine distinct
contributions of various vasculature zones to the autoregulation.

We proceeded to assess hemodynamics in the TZ vessels across the entire
autoregulation range in our vasculature model. Fig. e) shows that blood flow begins
to increase with a slight slope starting at 70 mmHg ABNP across all branching orders
of the TZ, as expected, though with a larger variability at larger ABNP values.
However, blood flow velocity shows noticeable linear changes across the autoregulation
range, with the increase being more pronounced in the superficial layers (L1: dashed
line in Fig. e), where only the mean values of TZ1 vessels are plotted). The more
significant increase in L1 is primarily due to the increased flow in this layer as ABNP
rises, shown in Fig. @(h).ThiS simulation highlights a potential pronounced dependency
of RBC speed in TZ vessels on cortical depth and ABNP values; a dynamic yet to be
fully explored in in-vivo experiments.

Moreover, we evaluated hemodynamics in other vascular zones. Fig. El(f) displays the
variability of hemodynamics in PAs across the entire autoregulation range. As
anticipated, blood flow in PAs also follows the biphasic autoregulation pattern with a
large standard deviation. This variability is caused by variations in blood flow at
different cortical depths, with superficial segments feeding seven capillary beds having
the highest flow and deeper segments the lowest. Similar to TZ vessels, blood flow
velocity in PAs is highly dependent on the ABNP value due to the high constriction
level in these vessels across the autoregulation range. Additionally, statistical analysis of
IP values of PA segments throughout the autoregulation range, as shown in Fig. m(f),
reveals that while the mean and standard deviation of IP increase with rising ABNP,
the lower limit of IP (corresponding to deep PA segments) increases at a relatively
smaller rate throughout the autoregulation range. This observation suggests that the
inherent narrowing of the luminal diameters of PAs toward deeper layers acts similar to
sphincters and narrower TZ vessels in superficial layers, serving as a protective
mechanism to prevent abnormal high pressure in deep capillaries. This is particularly
relevant considering the larger maximum lumen diameter of TZ segments in deeper
layers. It can be inferred from this observation that the strategic combination of larger
PA segments with narrower TZ segments and sphincters in the superficial layer and
their opposite arrangement in deeper layers could help achieve a uniform distribution of
capillary blood flow within the layered cerebral vasculature.
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Next, we sought to evaluate whether the principle of Murray’s law, which states that
optimal blood delivery necessitates a similar level of WSS across vasculature segments,
remains valid under conditions where vessels constrict for autoregulation. Although we
optimized arteriolar diameters to maintain nearly uniform WSS in arteriolar segments
at the maximum dilation state for 40 mmHg ABNP, Fig. g) shows that WSS,
calculated based on the simplified Eq. |2} tends to increase more in segments that
experience larger constriction (larger RC values). This simulation result suggests that
under our systematic evaluation, WSS does not necessarily maintain a uniform level
throughout the entire autoregulation range in arteriolar segments, unless there is a
regulatory mechanism in the brain vasculature specifically responsible for regulating
WSS, a factor not implemented in our analysis. Studies showed that the activation of
eNOS by increased WSS could be a key pathway in inhibiting MT and mitigating WSS
(refer to Roux et al.[38] study for details). This WSS-dependent inhibition of MT leads
to the possibility that the vasculature might employ an additional transfer function,
wherein WSS serves as the input and the extent of vessel relaxation as the output.
Integrating WSS-dependent inhibition of MT with the WT-dependent potentiation of
MT, can theoretically ensure a consistent WSS across all vascular segments, thereby
facilitating optimal blood delivery across the autoregulation range. However, such
relaxation in vessels, particularly as ABNP increases, could disrupt autoregulation,
leading to increased blood flow as constrictions might not be sufficient to maintain
nearly constant blood flow. Under these conditions, as ABNP and subsequently blood
flow increase, WSS also rises, potentially placing the vasculature in a positive feedback
loop at the upper bound of the autoregulation curve. Consequently, the system may
non-linearly move toward instability at the upper bound of the autoregulation range, as
observed in studies investigating autoregulation in the brain vasculature
[11 [98], 99, [100, [T0T]( Fig. c)) This observation suggests that vessels with larger
contractility should potentially produce more nitric oxide for vessel relaxation to
mitigate the larger increase in WSS throughout the autoregulation range and provide a
uniform WSS across all vascular segments. A similar trend was observed recently in the
study by Sargent et al., where they reported notably larger endothelial area in
cross-sections of TZ vessels with larger contractility compared to the endothelial area in
capillaries characterized by smaller contractility [56].

B: Impact of Different Vascular Zones on CBF Regulatory
System: Autoregulation and Functional Hyperemia.

In this section, we analyze the lumen diameter-dependent regulation of hemodynamics
in the brain vasculature, with emphasis placed on both static (autoregulation) and
dynamic (functional hyperemia) conditions. In the previous section, we showed that the
product of the vasculature HRCTF and the RC indices of vascular segments provides an
estimate of the percent tone in vessels’ segments at ABNP values above 40 mmHg. This
estimate reflects the MT level in vessels across the autoregulation range. In this section,
our goal is to identify the critical zones in the vasculature where the potentiation or
inhibition of MT plays an indispensable role in the optimal regulation of CBF. Fig. (a)
provides a schematic that illustrates the categorization of vascular zones in this study .

B1: Autoregulation

Fig. b) shows the relative change in the mean blood flow of non-bifurcating capillaries
under various scenarios, compared to autoregulated blood flow when MT is potentiated
in all vessels (‘All’ scenario). In this simulation, at each ABNP value, vessel diameters
were set based on their estimated percent tone. Depending on the evaluated scenario,
we selectively adjusted vessel diameters in specific zones and assessed capillary blood
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Fig 8. Analyzing the impact of vasodynamics on hemodynamics for CBF
regulation across various vascular zones. (a) A schematic representation of various
zones within the cerebral vasculature. The figure also illustrates the microvessels’
branching sequence from a PA. This sequence begins with a sphincter, followed by 3-4
layers of diverging branches, each encased by ensheathing pericytes (EPs). The
sequence ends in 3-4 layers of converging capillaries, encased by capillary pericytes.
Graphics created on BioRender.com, (b) assessing the individual and collective impacts
of MT potentiation across various vascular zones on the capillary blood flow. The data
shows the relative change in the steady-state mean blood flow in non-bifurcating
capillaries under various scenarios, compared to the autoregulated blood flow in the *All’
scenario. In the ’All’ scenario, MT is potentiated in all vascular zones, which results in
biphasic autoregulation, (c) pressure drop in three distinct blood flow pathways through
superficial, intermediate, and deep capillary networks within the vasculature under 70
mmHg ABNP. The data shows the pressure drop from a surface segment of a PA to a
surface segment of an ascending venule. The pressure drop in SAs of our model is about
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Fig 8. Continued: 10 mmHg at 70mmHg ABNP, (d) Left: Distinct and collective
impact of MT inhibition across various vascular zones on enhancing blood delivery
during FH, assuming NGVC can uniformly inhibit MT in all vascular segments. Right:
Mean value of blood flow in superficial and deep capillaries pre-FH and during FH.
Although MT inhibition delivers more blood to deep capillaries, since deep layers have
lower blood flow pre-FH at 70 mmHg ABNP (Fig[6{(h)), blood flow during FH is nearly
the same in both deep and superficial layers. (e) Compares the increase in blood flow in
response to a 30% MT inhibition in vessels for various ABNP values. Vasculature with
a large basal MT shows a more pronounced increase in blood flow in response to a
similar MT inhibition. The % change in capillary blood flow for each scenario shows the
mean value across both superficial (L1-L2) and deep layers(L3-L4).

flow. The expectation is that vascular zones with long vascular lengths and large
contractility, along with small vessel diameters that generate considerable resistance to
increasing flow, would play a key role in the autoregulation. As expected, MT
potentiation in PAs alone generally has the largest contribution to autoregulation
among other vascular zones. MT potentiation exclusively in SAs, TZs, and Caps can
moderate the rise in blood flow almost equally as ABNP increases. Sphincters with
their short vascular length contribute the least, primarily in the superficial layers.

According to Poiseuille’s Law, the pressure drop in vascular segments is directly
related to the blood flow passing through the segment (Fig. @(f)) In Fig. m(d), we
showed that, during the autoregulation process, IP at the capillary entry points does
not substantially vary throughout the autoregulation range, and IP at these junctures is
the primary determinant of blood flow in the vasculature. If IP is increased at these
junctures, the blood flow would also increase. However, an increase in blood flow would
cause a larger pressure drop in the preceding vascular zones of the capillaries, thereby
preventing any further increase in IP at capillary entry points as well as in the flow
within the capillaries and the network. IP and flow are coupled systemic parameters
due to resistance of the vessels, and the simulation results reflect the steady-state values
derived from their balance in the hemodynamic analysis of the network. In Fig.
b—PAs)7 when MT is exclusively potentiated in PAs, blood flow remains relatively
constant from the mid-autoregulation range onward. This indicates that the increased
blood flow up to the mid-autoregulation range, combined with constriction in PAs,
results in a larger pressure drop along the PAs. The augmented IP drop per vessel
length under this condition effectively prevents further increases in IP at capillary entry
points and limits the increase in the blood flow. This dynamic also explains the
declining trend in blood flow increases of all tested scenarios in Fig. b). Therefore, it
is impractical to quantify the contribution of various vascular zones to autoregulation.
This is because when ABNP increases, and a particular zone either does not contribute
or is slow to adjust its myogenic response, blood flow increases beyond the ideal level.
In this situation, other zones compensate by generating a higher pressure drop due to
the increased blood flow, which helps prevent further increases in blood flow. This
process continues until a complete balance between IP, flow, and MT in all vessels is
achieved. This dynamic can be observed in experiments performed in Klug’s study,
where they abruptly increased the ABNP of mouse retinal vasculature from 20 to 80
mmHg and monitored changes in vessel diameters across different vascular zones [87].
In their experiments, a delayed myogenic response was observed, with the delay being
more pronounced in capillaries, followed by TZ vessels, and then arterioles. The
variation in the delay of myogenic responses across different vascular zones led to
intermittent episodes of constriction and dilation in vessels until a balance between the
flow, IP, and MT in all vessels was achieved.

Fig. b) displays the extent of moderating increases in the mean blood flow of
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non-bifurcating capillaries across all cortical depths if ABNP increases and MT is
potentiated in one zone or a combination of zones. However, it does not specifically show
the contributions of various vascular zones to the regulation of blood flow at different
depths. Fig. c) displays the pressure drop along three distinct blood flow pathways
through superficial, intermediate, and deep capillary networks in the vasculature under
70 mmHg ABNP. As shown, there is a pronounced cortical depth-dependency in how
different vascular zones regulate blood flow across vascular layers. In superficial layers,
sphincters and TZ vessels generate a large pressure drop while PAs generate less.
Conversely, in deep layers, PAs produce the largest pressure drop. This suggests that
MT in TZ vessels and sphincters plays a more significant role in autoregulating blood
flow in superficial layers, while MT in PAs has a more significant role in deep layers.

B2: Functional hyperemia

Functional hyperemia refers to the entirety of interactions in brain vasculature that
boost blood flow to activated brain regions. This increase in blood flow can be
facilitated either by transient vasodilation in the feeding vessels by NGVC or through
the deformability of RBCs. Although RBC deformability also plays a role in functional
hyperemia [I02], our current analysis centers on vasodilation, being the key factor in
enhancing capillary blood perfusion. While the biological aspects of NGVC resulting in
inhibition of MT in vascular segments are not the focus of this study, our primary goal
is to identify vascular zones playing significant roles in augmenting blood flow in
capillaries during FH.

In our study of the effects of vasodynamics across various vascular zones on
hemodynamics during FH, we began by setting the ABNP to 70 mmHg. At this
pressure, vessels have noticeable MT-induced constriction, allowing us to analyze how
the inhibition of MT in different vascular zones can facilitate blood delivery. We then
assumed that NGVC can inhibit MT by 30% in the vessels. This assumption of uniform
inhibition of MT-induced constriction across all vessels is a simplification that does not
reflect the realistic physiological conditions of FH for two main reasons. First, different
vasodilatory mechanisms operate across various vascular zones [2, [I8]. Second, and
more importantly, distinct electrophysiological properties of SMCs and pericytes
influence the temporal dynamics of MT inhibition by NGVC across different vascular
zones [53] [T03]. To the best of our knowledge, there is no in-vivo evidence indicating
that MT inhibition in capillary pericytes by NGVC occurs swiftly enough for
vasodilation to be detected during typical short to moderate FH episodes [57, [104].
These differential temporal dynamics were not considered in our simulation, which
analyzes steady-state hemodynamic changes in response to 30% MT inhibition in
vessels. In this simulation, we assumed that NGVC inhibits 30% of MT in vessels.
However, we estimated the percent tone for vessels at different ABNP values. Therefore,
we needed to determine how a 30% inhibition of MT translates to reductions in percent
tone and increases in vessel diameters. To identify the relationship between MT and
percent tone, we must estimate how vessels passively distend with increases in ABNP
under a scenario where mural cells are inactive. In Fig. (e), we plotted a passive
distension profile of a PA segment at 100 nm cortical depth for various IP values. The
curve showing passive distention in relation to IP was remapped to ABNP values and
then fitted using an exponential function. Given that this segment is within its
maximum active dilation state at an IP range of 27-35 mmHg, we posited that the
segment initially reaches this range when ABNP is at 30 mmHg. Note that at this
ABNP level, even with vessels at maximum dilation, blood flow falls below the ideal
level within the autoregulation range due to the lower IP gradient across the network.
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From the exponential function fitted to this curve, we derived:
DPaSS(ABNP) = Dmax,act . (1 + - (1 — e—K‘(ABNP—30)>) (3)

The parameter « indicates the percentage increase in passive diameter, Dpass, at high

ABNP values (e.g., 130 mmHg) with respect to the maximum active diameter, Diax_act-

The parameter K determines the rate at which the segment passively distends in
response to linear increases in ABNP. Through the fitting process, the values of o and
K were determined to be 27.8% and 0.03, respectively. Based on our initial assumption
of a similar rate of passive distention in all vessels when ABNP increases from 0 to 40
mmHg until reaching their maximum active dilation state, we extended this assumption
to the scenario with inactive mural cells. We assumed vessels continue their passive
distention at a similar rate for ABNP values above 40 mmHg, implying a consistent
passive distension rate across the network. Therefore, we can generalize the above
equation to all vessel segments and write:

f(ABNP)

1+ta- (1 _ e—K~(ABNP—30)) (4)

D;,...(ABNP) =D

Tmax_act

where 7 refers to any segment in the network. Then, by utilizing the definition of
percent tone (PT), we can write:

D; - D, (ABNP
PE(ABNP) — max._act D d(_t( )
Di._ (ABNP)
— 1 _ act
Du ABNT) )

Tmax_act

M =1- PT;(ABNP)

Imax.act
where D; . . is the active diameter of segment ¢ at various ABNP values. Based on
the definition of myogenic tone and substituting Eq. [4] and [5] into this definition, the

result is:
D;,.... (ABNP)—-D,, ., (ABNP)

MT,(ABNP) = D, (ABNP)
_q_ D;,..(ABNP)
= Di._..-(1+f(ABNP)) )
_ | PTiABNP) —1
1+ f(ABNP)
f(ABNP) + PT,(ABNP)
- 1+ f(ABNP)

We assumed a 30% inhibition of MT via NGVC:
MT!/(ABNP) 70

MT,(ABNP) ~ 100
f(ABNP) + PT/(ABNP) 70

(7)

f(ABNP) + PT;,(ABNP) ~ 100

the prime superscript denotes an inhibited or reduced tone, or an increased diameter.
By solving the above equation for ABNP=70 and substituting f(ABNP = 70) = 0.194,
we obtain:

PT/(ABNP =170) = -5.8% + 0.7 - PT;(ABNP = 70)

8
= —5.8%+0.70 - HRCTF(ABNP = 70) - RC; ®
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then using Eq. [f] and [8] we can write:

D; (ABNP=170) 1- PT/(ABNP = 10)
D;,.,(ABNP=170) 1— PT;(ABNP = 70)

for superficial PA segments with RC indices between 1.0 and 1.1:

HRCTF(ABNP=70)

D 1—(=58%+0.7- 19.6% (L:11) e s 6 (10)
D; 1—(19.6% - (1: 1.1)) TR

and for capillaries with RC indices around 0.5:

D;

D, 9.6% (11)
These calculations show that a 30% inhibition of MT does not result in equivalent
relative diameter changes across all vessels. For superficial PA segments, it results in
approximately a 15% increase in diameter, a range consistent with the relative
vasodilation observed in FH experiments in PAs[14] [105], 106, 107].

The results of our simulations for various scenarios are displayed in Fig. d).
Considering the differential impact of various vascular zones on hemodynamic
regulation across different layers, as shown in Fig. c), we categorized the vasculature
into two distinct layers: superficial (L1-L2) and deep (L3-L4). The purpose of this
stratification was to identify specific vascular zones that exert a dominant influence on
enhancing capillary blood flow in each layer during FH. As expected, the dilation of SAs
notably enhances blood flow by lowering the network’s total resistance. Similar to the
significant impact of MT potentiation in PAs on moderating blood flow as ABNP
increases (Fig. b))7 MT inhibition in PAs plays the most substantial role in increasing
blood flow in FH, with this effect being more pronounced in deep layers. Conversely,
MT inhibition in TZ vessels and sphincters is more impactful on increasing blood flow
in superficial layers.

As shown in Fig. (c), at physiological levels of ABNP, a significant portion of the
pressure drop occurs in capillaries, indicating that they constitute a large portion of the
overall vascular resistance in the cerebral vasculature due to their small diameters. This
is supported by previous research [19] [34]. However, our simulation results in Fig. d)
show that dilation in capillaries minimally enhances blood flow. This suggests that due
to the capillaries’ small diameter and the single-file movement of RBCs within them,
even an average of 9.6% vasodilation in the capillary zone does not substantially alter
the overall resistance of the network to RBCs and blood flow. Additionally, we assumed
a 30% MT inhibition in capillaries and an average of 9.6% dilation, which have not been
observed during FH in capillaries. This is likely because NGVC-mediated MT inhibition
in capillaries either has slow dynamics and cannot achieve a full 30% inhibition during
the period of FH, or it only occurs in response to a perceived deficiency of metabolic
factors[b3]. Assuming a lower percentage of MT inhibition in capillaries, it can be
inferred that capillary vasodilation would have an even smaller effect on blood delivery
during FH than what is shown in Fig. (d) The slow dynamics of MT inhibition in
capillaries suggest that to enhance blood flow in capillaries and across the entire vascular
system during FH, there are two critical factors: firstly, it involves not the dilation of
capillaries but the elevation of IP at their entry points, achieved through the dilation of
vessels with high temporal vasoreactivity to NGVC signals; secondly, the reduction of
blood viscosity within capillaries, achieved through the deformation of RBCs.

Simulation results in Fig. [8(d) show that vasodilation solely in TZ vessels can
increase blood flow by an average of 8%. However, the capacity of TZ vessel dilation to
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enhance blood flow increases by about 50% when combined with the dilation of
preceding vessels. This is evident when comparing blood flow increases in the TZ,
SAs+PAs+Sphinc., and SAs+PAs+Sphinc.+TZ scenarios. When TZ vessels undergo
dilation, the overall resistance within the network decreases, potentially leading to a
proportional increase in the blood flow. However, in the ‘TZ’ scenario, the expected
proportional increase in the blood flow is partially counteracted because the blood must
traverse through preceding vessels that remain constricted and exert a large resistance.
This results in a larger pressure drop before the blood reaches the capillaries and leads
to a smaller increase in the steady-state blood flow. These results emphasize that
increasing IP at the capillary entry points plays a more determining role in boosting
CBF than reducing the overall vascular resistance. Specifically, these simulations show
that localized vasodilation, particularly in end-contributor segments such as TZ vessels
and capillaries, leads to an increased pressure drop upstream, which can diminish the
expected increase in blood flow due to the reduced vascular resistance.

In our next series of simulations, we implemented the same 30% MT inhibition
scenario in vessels for various ABNP values. By solving Eq. [7] and calculating the
reduced percent tone resulting from the 30% MT inhibition at ABNP=50, 60 and 80

mmHg, we determined the extent of vasodilation in all segments at these ABNP values.

Results of these simulations are displayed in Fig. [§f(e). Despite the uniform inhibition of
MT in all scenarios, the extent of IP drop reduction from the artery boundary node to
the capillary entry points differs. For instance, at ABNP of 50 mmHg, MT inhibition
led to a 22.4% increase in the average capillary blood perfusion. However, at 80 mmHg,
the same inhibition resulted in a 67.7% increase in capillary blood perfusion. These
results align with interpretations of the HRCTF profile and the diameter change profile
of a PA segment, as shown in Fig. d) and e), respectively. The HRCTF profile
shows an initial steep increase at the lower bound of the autoregulation range, with the
slope gradually decreasing as the ABNP increases. This pattern indicates that at low
ABNP values, vessels must constrict more to achieve the preferred IP drop in vessels
leading to capillaries, to ensure preferred capillary blood flow. Conversely, at high
ABNP values, even minor vessel constrictions can significantly alter the IP drop.
Therefore, MT inhibition at higher ABNP values leads to a more substantial deviation
in IP drop in vessels, which significantly increases the blood flow in capillaries.

Methods

Mathematical framework for blood flow analysis in the
cerebrovascular model

The hemodynamic analysis in this study was based on the research conducted by
Secomb’s|[72] and Pries’s[51] groups. These teams developed mathematical frameworks
that employ empirical laws to enhance the precision and reliability of simulations that
model the flow of blood in microvascular networks. These frameworks facilitate the
process of assessing blood flow in large cortical networks while incorporating
non-Newtonian properties of blood and hematocrit heterogeneity in the model. The
mathematical framework was coded in C, and the structural characteristics of the
segmented network and hemodynamic parameters were fed as inputs. The flow rate Q;
in segment j of the network is presumed to follow Poiseuille’s Law. We had a positive
flow in each segment from the start node to the end node. The relationship between
nodal pressure p; and the flow ); in segment j is formulated by:

Qj =Y Mupy (12)

keN
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where N represents the set of all nodes in the network, and

+mrd;/ (128u;l;),  if k is the start node of segment j
My, = ¢ —ndj/ (128u;l;),  if k is the end node of segment j (13)
0, otherwise,

is the conductance between nodes j and k, with [, d;, and pu; signifying the length,
diameter, and effective viscosity in segment j, respectively. According to mass
conservation, the total flow at each interior node is zero. This condition can be
combined with the conditions on the boundary nodes to write:

ZLMQJ- +Qoi =0 forieN, (14)
jES

where S denotes all segments in the network, and

—1, if ¢ is the start node of segment j
Lij =< +1, ifiis the end node of segment j (15)
0, otherwise

If node ¢ is a boundary node, Qq; indicates the inflow (or outflow if negative). For
interior nodes, Qp; = 0. Combining Eq. and Eq. results in:

Z Kikpk = —Q0i7 1€ N (16)
keN

where network conductivity (K;x) is:

Kig =Y LijMjy, (17)
jes

A pressure boundary condition can be enforced at node ¢ by substituting the i-th
row of the matrix K with a single diagonal entry of 1 and replacing Qy; with the
specified pressure. If the pressure or flow is known at each boundary node, then the
system Eq. is fully determined and can be solved using an iterative process proposed
by Secomb et al.[72]. In their proposed mathematical framework of blood flow
simulations in microvascular network, the effective viscosity p in segment j is a function
of the radius r; and the hematocrit H; of each segment, utilizing an empirical in-vivo

viscosity relationship[T08] [T09]. The inlet hematocrit was set to 0.4 for pial boundaries.

The hematocrit values for all segments can be determined from the flow @;, employing
empirical relationships for hematocrit partitioning at bifurcation points[I09, [110]. To
satisfy these relationships, the flow in each vessel was determined using initial values for
discharge hematocrit. These flow values were then employed to update H; in each

vessel segment. Effective viscosity was recalculated using the updated hematocrit values.

This procedure was repeated until convergence was achieved for );, H;, and p; in each
segment.

Statistical Analysis

In we performed statistical analysis on two-photon images of murine cerebral
vasculature to investigate the location of sphincters and estimate the diameters of
daughter and parent vessels at sphincter sites. In the algorithm we employed, we traced
arterioles’ path as they penetrate the brain and marked bifurcation nodes. We then
searched for patterns resembling sphincter signatures—constriction succeeded by
bulb-shaped distension—to confirm the presence of a sphincter. Following successful
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detection, we estimated the diameter ratio of the daughter to parent branch. For the
diameter quantification of TZ vessels, our analysis relied on existing measurements and
branching order data provided by the database from Anna Devor’s laboratory[47] [48].
The findings presented in Fig c) are entirely based on this external dataset, which
enabled us to incorporate more detailed morphological characteristics in our model.

Discussion

In this work, we present a computational investigation of hemodynamic-vasodynamic
interactions within cerebral vasculature to model autoregulation. Blood vessel segments,
due to their myogenic response regulatory mechanisms, function as variable hydraulic
resistors. These vessel segments adjust their diameters autonomously in response to
mechanical forces exerted by the flowing blood to maintain constant flow in capillaries.
In our study, we employed various simplifications and generalizations to capture these
dynamics. First, we assumed that as the mean arterial pressure increases from zero, the
vasculature begins to inflate due to passive distention in the vessels. Next, we assumed
that the maximum dilation state for all vessels occurs when the ABNP in the model
reaches 40 mmHg, which is a hypothetical value that falls within the lower limit of the
autoregulation range. The analysis of the model shows that to maintain the uniformity
in capillary blood flow at various cortical depths in the maximally dilated state, a set of
morphological features need to be incorporated in the model’s design. For example,
sphincters and narrower TZ segments should be included in the structure of the upper
microvascular layers. Furthermore, a progressive narrowing of arteries and arterioles, as
these vessels bifurcate from the main brain feeding arteries and penetrate deeper into
the tissue, also contributes to the uniformity of capillary blood flow. When the ABNP
exceeds 40 mmHg, the vascular-centric myogenic response helps the network to obtain
uniform blood flow in capillaries by adjusting the vessel constriction levels. In our
model, we introduced the relative contractility index to quantify the expression level of
contractile elements in each vascular segment. We assigned this index to all segments
and showed that elevating ABNP from 40 mmHg to 130 mmHg, when paired with a
well-regulated myogenic response in all vessels, can effectively model blood flow
autoregulation across all cortical depths (Fig. [6]a,h)).

We investigated the validity of our computational model by comparing its dynamics
to experimental observations. Consistent with experimental data[9], our model showed
that the blood flow in middle-layer capillaries is less than the flow in both deep and
superficial layers at physiological ABNP values (Fig. @(a,d,h)). This variability of blood
flow as a function of cortical depth arises from the complexity in interactions among the
morphological characteristics and the adjustments of MT in all vascular segments
within the broad autoregulation range. We showed that only in a narrow band of the
autoregulation range it is possible to achieve a uniform mean blood flow in capillaries at
all depths. Furthermore, our model showed that superficial and deep capillaries tend to
have more non-uniform blood flow compared to middle-layer capillaries (Fig. @(c)), a
finding that is consistent with in-vivo observations [9]. Moreover, our analysis revealed
that blood flow velocity in capillaries remains relatively stable, contrasting with the
pronounced variability observed in TZ vessels[8| [I04], sphincters, and PAs. We showed
that this variability is dependent on cortical depth and the vasculature’s position within
its autoregulation range.

After modeling and validating the autoregulation in our cerebrovascular model, we
shifted our focus to analyze hemodynamics across different vascular zones throughout
the autoregulation range(Fig. [7)). First, we identified that IP at the entry points of the
capillary bed is a critical factor of the autoregulation (Fig. [7[d)). We found that the
precise development of myogenic tone in vessels leading to these entry points is crucial
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for regulating this key variable. Our analysis revealed the dependency on cortical depth
in this regulation: in superficial layers, TZ vessels and sphincters play a major role,
with a lesser contribution from PAs. In contrast, this contribution pattern is reversed in
deeper layers. This depth-dependent dynamic was clearly evident in our simulation
results (Fig. [§c)).

Similarly, the depth-dependent contribution of various vascular zones through MT
potentiation for autoregulation can be extended to MT inhibition by NGVC during FH
to enhance blood delivery. In superficial layers, MT inhibition (vasodilation) in
sphincters and TZ vessels leads to a larger increase in blood flow, while MT inhibition
in PAs substantially increases blood flow in deep capillaries (Fig. d)) However, unlike
the static nature of autoregulation, FH is a dynamic process, meaning we cannot simply
quantify the contribution of various vascular zones to blood delivery during FH without
considering factors such as the intensity and duration of neuronal activity, pre-FH MT
levels in vessels, or distinct differences in mural cell biology across various vascular
zones that can affect the extent and timing of MT inhibition by NGVC. For example, in
Fig. e), we showed that equal levels of MT inhibition via NGVC at higher pre-FH MT
levels led to a larger increase in blood flow; however, if all environmental factors in FH
experiments remain constant, except for the IP in the main brain-feeding arteries, and
similar neuronal activity is induced, it is uncertain whether NGVC would inhibit MT to
the same extent at different pre-FH MT levels. Mural cell biology suggests that they
may adapt to manage these variations and prevent excessive or insufficient blood
delivery during FH, regardless of pre-FH MT levels. It is now well-recognized that
MT-induced constriction in mural cells is primarily controlled by WT-dependent
depolarizing ion channels[92]. On the other hand, rapid inhibition of MT during FH is
likely to be achieved through the direct induction of hyperpolarization in mural cells
caused by adjacent cells such as endothelial cells [ITT] 112], astrocytes [105, [113], and
neurons[I14] and not by suppressing the activity of depolarizing ion channels of mural
cells. The degree of MT inhibition through induced hyperpolarization in mural cells by
adjacent cells depends on the ability of the hyperpolarizing currents to counteract
WT-depolarizing currents. When W'T is large, depolarizing channels are more active,
the resting membrane resistance of mural cells is smaller, and hyperpolarizing factors
have a reduced capacity to hyperpolarize mural cells and inhibit MT. Given these
uncertainties regarding the timing and extent of MT inhibition via NGVC during FH in
different vascular zones, it is technically challenging to quantify the contribution of
these zones to FH. Although our model did not explicitly address this dynamic, we can
infer that regions with small-diameter vessels, high contractility, and strong
vasoreactivity to NGVC—such as PAs,; sphincters, and TZs—are likely to contribute
more than other vascular zones.

In a healthy brain, regardless of the level of neuronal activity, MT development in
vascular segments will bias the network to an appropriate operating point for the RBC
flux through capillaries (0.5 nl/min in Capl in our model). Our computational analysis
supports quadriphasic ABNP-flow dynamics that have been previously observed
experimentally[98], including the following physiological phases: low ABNP with flow
below the operating point, moderate ABNP with flow near the operating point (flat
phase of autoregulation), high ABNP with controlled increases at the operating point
(sloped phase of autoregulation), and extremely high ABNP with uncontrolled flow
increases (unstable region). These phases are regulated by vascular cells to mitigate
hemodynamic forces, such as WT and WSS, which could otherwise compromise vessel
wall integrity. We provided computational evidence supporting that an increase in WT
caused by increments in mean arteriolar pressure can be mitigated by MT in vessels and
our model suggests that this property is linear. Furthermore, a reduction in capacity of
mural cells to induce a large constriction in the mid to upper range of the
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autoregulation (attributed to endothelial cells’ efforts to mitigate increased WSS)
prevents the formation of a plateau throughout the autoregulatory range. Focusing
within the autoregulation range, our computational analysis indicates that the biphasic
ABNP-blood flow dynamic is the result of the synergy between the morphological (e.g.,

vessel lumen diameter and expression levels of contractile elements) and the

mechanobiological (MT adjustment by vascular cells and regulated by hemodynamics)
characteristics of the vascular network. This biphasic dynamic in the ABNP-flow results
in a monophasic, linear ABNP-blood flow velocity dynamic across vessels throughout

the autoregulation range, again aligning with experimental observations[98] [115].

Our coarsely segmented computational model of the cerebrovasculature required that
we make several simplifications to streamline cerebral autoregulation modeling that may
have had a bearing on outcomes. First, the capillary network within our microvessel
structure was modeled by a simplified hierarchy of 2-to-1 converging vessels. Although
this model can emulate reasonably accurate flow and pressure within the network, it

does not capture the net-like structure of capillaries in their full complexity [T16]

117].

In particular, the three distinct decremental trends observed in the capillary blood flow
velocity-diameter relationship (Fig. c)) are likely a result of this simplification. While
our capillary network is not a net-like model, when we incorporated Murray’s Law in
the microvasculature design, no pronounced correlation in the capillary blood flow

velocity-diameter was observed, similar to what we see in reality[8l [67), 8] [82] [O7]

. This

means that the three distinct decremental trends in our simplified model (Fig. c)) do
not fully replicate the hemodynamics in a realistic net-like structure of capillaries.

Second, our approach in assigning relative contractility to each segment of our
cerebrovasculature model was based on a plausible yet speculative assumption:

segments subject to higher IP in maximally dilated vasculature were presumed to be
encased by a denser array of contractile elements. The advent of advanced imaging
technologies now offers the potential to quantify different morphological characteristics
of vascular segments, such as luminal diameter, vessel wall thickness, and the expression
level of contractile elements, more accurately and realistically, promising improved

accuracy in future models.

In summary, the proposed simplified model provides a computationally effective
framework for multi-scale studies. It features a closed, coarsely segmented, circulatory

network and integrates hemodynamics (WT and WSS) as fundamental inputs in

the

transfer functions of vasodynamics. This design makes it possible to model dynamic

adjustments in vessel lumen diameters including both delayed and active forces

generated by muscle activity and the immediate passive distension. Our computational
framework can be expanded to more sophisticated multi-scale computational studies,

where broader network inputs (e.g., neuron or astrocyte derived signaling) might

be

incorporated to model, interrogate, and analyze transient hemodynamic/vasodynamic

changes in the cerebrovasculature.
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